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use PREFACE 


Basic Electronics is written for men of the U. S. Navy and 
Naval Reserve whose duties require them to have a knowledge 
of the fundamentals of electronics. Electronics is defined as 
the science and technology that is concerned with devices 
involving the emission, behavior, and effect of electrons in 
vacuums, gases, and semiconductors. Technically speaking, 
electronics is a broad term extending into many fields of 
endeavor. Today, electronics projects itself into Navy life 
at every turn. It aims guns, drops bombs, navigates ships, 
and helps control engineering plants. It is therefore im- 
portant to become well informed in basic electronics in order 
to be able to qualify for any of the many applicable rates or 
ratings. 

As one of the Navy Trarninc Courses, this book was 
prepared by the U. S. Navy Training Publications Center 
for the Bureau of Naval Personnel. 
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CHAPTER 


TUNED CIRCUITS 
INTRODUCTION 


Basic Electronics presents many of the basic concepts in 
the field of electronics. Emphasis is placed primarily on the 
theory of operation of typical electronic components and 
circuits that have frequent application in naval electronic 
equipments. The description of specific equipments is left 
to the rating texts. 

This training course is intended as a basic reference for 
all enlisted personnel of the Navy whose duties require them 
to have a knowledge of the fundamentals of electronics. 
However, it is not intended that each rate of each rating 
concerned must study every chapter in the book. The 
chapters on amplifiers, for example, includes an introductory 
chapter which will be useful to all who are concerned with 
amplifiers, plus two other chapters which cover d-c amplifiers 
and audio-power amplifiers which will be necessary only for 
those who service and maintain those types of equipment. 
A suggested study guide indicating the ratings which should 
use the book, and the pertinent chapters for each follows: 


Rating Chapters 
AQ Soc 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 13, 14; appendix 2. 
BT is wandans ALL; appendix 2. 
EM_-_-_------ 2, 3; appendix 2. 


ET . ALL; appendix 2. 
BT igorassse ALL; appendix 2. 
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GPs: s2cs426 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 18; appendix 2. 

2, 3, 4, 5, 6, 7, 8, 10, 11, 13; appendix 2. 
3, 4, 5, 6, 13 (partial); appendix 2. 

3, 4, 5, 7, 13 (partial); appendix 2. 

3, 4, 7, 14; appendix 2. 

2,3,4,7, 8, 9, 11 (partial), 12, 13; appendix 2. 
13; appendix 2. 

1, 2, 3, 4, 5, 6, 7, 8, 13; appendix 2. 

13; appendix 2. 

1, 2, 3, 4, 5, 6, 7, 8, 9, 12, 13; appendix 2. | 

In general, irrespective of the field, electrical networks | 
comprise not more than four fundamental qualities—(1) | 
resistance, (2) inductance, (3) capacitance, and (4) control { 
devices such as vacuum tubes. Basic Electronics discusses { 
the action of circuits and components in terms of these 
fundamental concepts and applies Ohm’s law to the solution 
of related problems. 

This training course introduces the subject of electronics 
as it is applied to tuned circuits and immediately involves | 
the concept of resonance which is a basic quality of these | 
circuits. Elementary mathematics, including algebra, | 
geometry, and trigonometry is used to illustrate circuit | 
behavior. Algebraic derivations are provided for those 
equations that require explanation. It should be under- 
stood, however, that the formula derivations are included | 
only to strengthen the background of understanding of why 
particular components behave as they do under different | 
circuit conditions. Those who find the formula derivations 
too difficult to follow should not be discouraged. If the | 
reader acquires an understanding of wHaT the characteris- 
tics of particular circuits are and How the circuits behave, | 
he is getting the main points. In other words, he can study 
most parts of this text with or without the mathematical der- | 
ivations of formulas; he will acquire more understanding of 
the fundamentals of electronics if he uses both text and 
formulas. Throughout the text, emphasis is placed on 
circuit behavior. 

A knowledge of the principles of basic electricity is espe- 

















cially important to an understanding of tuned circuits and 
the reader is urged to familiarize himself with these principles 
before attempting to read ‘Tuned Circuits.”” The principles 
of basic electronics include those of basic electricity and the 
transition between the two subjects is facilitated by selecting 
“Tuned Circuits” as the first chapter in Basic Electronics. 

This training course next discusses the operating principles 
of vacuum tubes and their action in power supplies, ampli- 
fiers, and oscillators. The central portion of the text includes 
a discussion of modulation, detection, transmitters, re- 
ceivers, antennas, and radio wave propagation. The text 
concludes with a discussion of electronic test equipment and 
an introductory chapter on radar. The student is urged to 
read this training course thoughtfully and deliberately with 
pencil and paper at hand, and to refrain from skimming the 
text or from overlooking the questions. It is hoped that 
the rhyme ‘‘This is the age of the half-read page” will not 
apply to those who read Basic Electronics. 


INTRODUCTION TO TUNED CIRCUITS 


A tuned circuit has capacitance, inductance, and re- 
sistance in series or in parallel. When the circuit is energized 
at a particular frequency, known as the resonant frequency, 
an interchange of energy occurs between the coil and ca- 
pacitor. This interchange of energy tends to build up in 
amplitude far above the amount delivered by the energizing 
source. This is known as a resonant condition. At reso- 
nance, the inductor stores energy during the half cycle that the 
capacitor discharges and returns the energy during the next 
half cycle to recharge the capacitor. Because the circuit 
resistance acting in series with the inductor and capacitor 
is low, large amounts of energy may be exchanged at the 
resonant frequency, with minimum loss of energy in the 
circuit. The small energy loss incurred in the circuit is 
replenished from the source feeding the circuit. 

At resonance, the time needed to charge the capacitor must 
be equal to the time needed to discharge the coil, otherwise 


the charge and discharge will be out of step and cancellation 
will result. 

In a series-tuned circuit, the impedance in ohms across 
the terminals of such a circuit is 

Z= R?+ (X,—Xc)’. ; 

Since the inductive reactance, X,, and the capacitive re- 
actance, Xo, are equal and opposite in polarity at the resonant 
frequency, they balance each other and the actual total 
reactance is reduced to zero. Because X,—X-=0, the total 
impedance of the circuit at the resonant frequency is equal 
to the resistance of the circuit, or Z=R; at resonance, the 
maximum amount of current will flow in the circuit. 

The most important characteristic of a SERIES-TUNED 
CIRCUIT is that AT RESONANCE THE CIRCUIT IMPEDANCE I8 
A MINIMUM. 

At frequencies below resonance the series circuit acts like 
a capacitor plus a resistor, and accordingly the circuit cur- 
rent is reduced. At frequencies above resonance, the 
circuit acts like an inductor plus a resistor, and the current 
is likewise reduced. 

At resonance, the voltage across the capacitor and the 
voltage across the inductor are equal in magnitude. Be- 
cause they are 180° out of phase with each other their vector 
sum is zero and the source voltage appears across the circuit 
resistance. Because the series resistance is low, the source 
voltage is small in relation to the voltage across the coil and 
capacitor. Under these circumstances the voltage appearing 
across either the inductor or the capacitor may be much 
higher than the input voltage. 

A parallel-tuned circuit consists of a combination of 
inductance and capacitance connected in parallel. A small 
value of resistance (representing the inherent resistance of 
the two components) may be considered as acting in series 
with the inductance and capacitance. 

At resonance, the nonenergy component of the lagging 
current flowing through the inductive branch is exactly 
equal to the nonenergy component of the leading current 
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flowing through the capacitive branch. Under these cir- 
cumstances the current flowing in either of the branches 
may be much greater than the line, or input, current. 
Because these currents are 180° out of phase, they neutralize. 
The small in-phase current that now flows in the line is due 
to the inherent resistance of the circuit. Therefore, at 
resonance the impedance offered by the parallel circuit is a 
MAXIMUM and is purely RESISTIVE. 

The most important characteristic of a PARALLEL-TUNED 
circuIT is that AT RESONANCE THE CIRCUIT IMPEDANCE IS A 
MAXIMUM. 

At frequencies below resonance, the current through the 
inductive branch is large and lags the applied voltage by 
approximately 90°. At the same time a smaller component 
of current, which leads the applied voltage by approximately 
90°, flows through the capacitive branch. Above resonance, 
the opposite conditions prevail. 

If the ratio of the reactance to the inherent resistance 
of both the inductor and the capacitor is high, the circuit 
will be in resonance at the same frequency irrespective of 
whether the components are connected in series or in 
parallel. 

In radio receivers, tuned circuits are used both for the 
selection of the desired frequency and for the rejection of 
undesired frequencies. The relative ability of a receiver to 
select the desired signal while rejecting all others is called 
SELECTIVITY. 

In radio transmitters the entire process of radio-frequency 
power generation and amplification depends on the proper 
functioning of tuned circuits, 

Test instruments such as signal generators, sasStintaen: and 
frequency meters, as well as other electronic devices such as 
television transmitters and receivers and radar and sonar 
equipments, employ many tuned circuits. 

Before tuned circuits can be analyzed, an elementary 
understanding of vectors and vector algebra is required. 
Accordingly, a brief review of vectors as they are expressed 
both in the rectangular and the polar form follows. 
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EXPRESSING VECTORS ALGEBRAICALLY 


Many common physical quantities such as temperature, 
the speed of a moving object, or the displacement of a ship 
can be expressed as a certain number of units. These units 
define only the magnitude and give no indication of the 
direction in which the quantity acts. Such quantities are 
called scaLAR quantities. If both the magnitude and the 
direction in which the quantity acts are indicated, it is 
called a vecTor quantity and may be represented by a vector. 

Electrical vectors are commonly used to represent a-c 
currents and voltages and their phase relations. The length 
of the vector represents the magnitude of the quantity 
involved and the direction of the vector, with respect to a 
reference axis, represents the lapse in time between the 
positive maximum values of current and voltage. 

Impedance triangles, the sides of which represent vector 
quantities, are also used to represent the resistance and 
reactance components of a-c circuits. These are right tri- 
angles, having a base equal to the resistive component, an 
altitude equal to the reactive component, and a hypotenuse 
equal to the combined impedance. The angle between the 
combined impedance and the resistive component (hypote- 
nuse and base) is equal to the phase angle between the 
voltage across the impedance and the current flowing 
through it. 

In this chapter it is necessary to determine circuit imped- 
ances by the addition, subtraction, multiplication, and 
division of vector quantities. When it is inconvenient to 
express the quantity by simple algebra, a system of complex 
notation is used. 


Imaginary Numbers 


In calculations in electronics it is often necessary to 
perform operations involving the square root of a negative 
number—for example, ¥—9, y—5, and ¥—z. Because no 
number when multiplied by itself will produce a negative 
result, the roots of numbers such as the foregoing cannot be 
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extracted. It therefore becomes necessary to introduce a 
new type of notation to indicate the square root of a negative 
number. These numbers are called IMAGINARY NUMBERS to 
distinguish them from the so-called REAL NUMBERS. Ac- 
tually, the numbers that we call imaginary in the mathe- 
matical sense are real in the physical sense. The term is 
merely one of convenience, as will be pointed out in the 
succeeding paragraphs. 

In algebra, the foregoing quantities are treated as Y—1 
9, or Y—1X3; Y—1¥5; and /—Iyz. The term /—1 is 
expressed as i (for imaginary) in mathematics books, but 
when working with electrical circuits it is convenient to use 
the term j (called the J opprator), because 7 is used to 
indicate the instantaneous value of the circuit current. 


Graphical Representation 


In order to present a quantity graphically, some system 
of coordinates must be employed. Quantities involving the 
j Operator may be conveniently expressed by the use of 
RECTANGULAR COORDINATES, as shown in figure 1-1. In 
order to specify a vector in terms of its X and Y com- 
ponents, some means must be employed to distinguish 
between X-axis and Y-axis projections. Because the + Y- 
axis projection is +90° from the + X-axis projection, a 
convenient operator is one that will, when applied to a 
vector, rotate it without altering the magnitude of the 
vector. Let +j be such an operator that produces 90° 
COUNTERCLOCKWISE rotation of any vector to which it is 
applied as a multiplying factor. Also, let —j be such an 
operator that produces 90° cLocKwiIsE rotation of any vector 
to which it is applied as a multiplying factor. 

Successive applications of the operator +j to a vector will 
produce successive 90° steps of rotation of the vector in the 
counterclockwise direction without affecting the magnitude 
of the vector. Likewise, successive applications of the 
operator —j will produce successive 90° steps of rotation in 
the clockwise direction. This rotation is shown in table 1. 


7 


Y 






s 
x 
<$+7 
2 
& 
= +6 
g 
= +5 
8 
A 
vi 
AA i 
af af 
vf 
st 
P| 
1 


“REAL” AXIS “REAL” AXIS 






“8 4344 45 46 +7 «48 
\ 6. ' 
FIP we tS. 
\ “Sze! 
-2 s : 
t 
‘ 
-3 Nek 
“I 
sao coos N 





Figure 1-1.—Coordinates showing real and imaginary axes. 


TABLE 1.—Relation of operator j to vector rotation 





Mathematical 


equivalent Direction of rotation 


Operator 








Degi 
rotation 


ree of 





Consider the following example: The number, +4, in figure 
1-1 indicates that 4 units are measured from the origin along 
the X axis in the positive direction. A +j operator placed 
before the 4 indicates that the number is to be rotated 90° 
counterclockwise and will now be measured along the Y axis 
in a positive direction. Likewise, a —j operator placed be- 
fore the 4 indicates that the number is to be rotated 90° 
clockwise, and will now be measured along the Y axis in the 
negative direction. 

It may be recalled that inductive reactance, X;, is indi- 
cated as lying along the Y axis in the positive direction, and 
capacitive reactance, X¢, is indicated as lying along the Y 
axis in the negative direction; resistance in each case is 
measured along the X axis in the positive direction. There- 
fore, +j has a direct association with X, in that both are 
measured in the .ame direction along the Y axis, and —j 
similarly has a direct association with Xo. 

The function of the j operator may be shown as follows: 
The expression, 4 ohms, indicates that pure resistance is 
involved. In order to indicate that the 4 ohms represent. 
capacitive reactance or inductive reactance a special symbol 
is needed. The use of the j operator gives a clear indication 
of the type of reactance. For example, if the j operator is 
not used, the 4 ohms is resistive. If +j is used (+ 74), the 
4 ohms is inductive reactance. If —j is used (—j4), the 
4 ohms is capacitive reactance. 

The so-called comPpLEX NUMBER contains the “real” and 
the “imaginary”’ terms connected by a plus or a minus sign. 
Thus, 3+j4 and 3—74 are complex numbers. This means 
that the 3 and the 4 in each instance are to be added vecto- 
rially, and the +7 and —j indicates the direction of rotation 
of the vector following it. The real number in these ex- 
amples is 3 and could be represented by a line drawn three 
units out from the origin on the positive X (resistance) 
axis. The imaginary number, + 74, could likewise be rep- 
resented by a line extended 4 units from the origin on the 
positive Y, or X;, axis; and —j4 could be represented by a 
line extended 4 units from the origin on the negative Y, or 
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Xc, axis. The IMAGINARY, OF QUADRATURE, quantities (for 
example, the X, and X¢ values) are always assumed to be 
drawn along the Y axis, and the REAL quantities (for ex- 
ample, the FR values) are always assumed to be drawn along 
the X axis. 


Addition and Subtraction of Complex Numbers 


Values that are at right angles to each other cannot be 
added or subtracted in the usual sense of the word. Their 
sum or difference can only be indicated, as is done in the case 
of binomials (an expression involving two terms). Thus, 
assume that it is desired to add 3+ 74 to 3—74. 


3+j4 
3—j4 
6— 0 


The imaginary term disappears, and only the real term, 6, 
remains. If 3+ 74 is added to 3+ 4, the sum is the complex 
quantity, 6+ 78. 

One complex expression may also be subtracted from 


another complex expression in the same manner that bi- | 


nomials are treated. For example, 3—j2 may be subtracted 
from 3+j4 as 

3+j4 

(—) 3—j2 

0+36 
The real term disappears, and the result is 6 units measured 
upward from the origin on the Y axis. If 3—j2 is subtracted 
from 6+ 4, the difference is the complex quantity, 3+ 6. 

Multiplication and Division of Complex Numbers 


Complex numbers are multiplied the same way that bi- 
nomials are multiplied—for example, if 3—j2 is multiplied 
by 6+ 93 
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3—j2 
6+393 
18—j12 
+j9-7*6 
18—j3—7*6 


Because 7?=—1, the product becomes 18—j3—(—1)6, or 
24-33. 

Complex numbers may be divided in the same way that 
binomials containing a radical in the denominator are 
divided. The denominator is rationalized (multiplied by its 
conjugate—a term that is the same as the denominator 
except that it has the opposite algebraic sign before the j 
term), and the quotient is expressed as a term having only 
a real number as the divisor. For example, if 4+ 3 is 
divided by 2—32, 


4+53_(44+3)(2+j2)_2+j14 Le 
3= 32 (= j2O4 72) ~ =i 0.25+-j1.75 


Rectangular and Polar Forms 


Sometimes it is more convenient to employ polar co- 
ordinates than rectangular coordinates. In RECTANGULAR 
rorM the vector is described in terms of the two sides of a 
right triangle, the hypotenuse of which is the vector. Thus, 
in figure 1-1 vector OB is described in rectangular form by 
the complex number 3+ 34. In other words, the end of the 
vector, OB, is 3 units along the +X axis and 4 units along 
the +Y axis, and its length is 5 units. 

The vector, OB, may also be described if its length and 
the angle, 6, are given. When a vector is described by 
means of its magnitude and the angle it makes with the 
reference line it is expressed in the POLAR Form. In this 
instance the length is 5 units and the angle, 6, is approxi- 
mately 53°. The vector, OB, may then be expressed in the 
polar form as 5 2+53°. If the rectangular form is 3—j4, 
the polar form is 5 Z2—53°. 


The plus sign is shown with positive angles in this chapter 
in order to emphasize positive angles as contrasted with 
negative angles. The negative sign preceding the angle 
indicates clockwise rotation of the vector from the zero 
position. 


Converting From One Form to the Other 


Assume that the rectangular form is expressed by the 
complex number, 3+j4. The angle, 6, and the actual 
length of the vector, OB, are not given. The length, OB, 
can be determined by use of the Pythagorean theorem 
(OB= 3?+4?), but it is usually simpler to determine first 


the angle, 6, by finding the angle whose tangent is $= 1.33, 


The angle is 53° (approximately). The length of OB can 
then be readily determined as 


4 4 

OB= in 53° 0.798 

and the vector may be expressed in the polar form as 5 2+53°. 
If the vector is originally expressed in the polar form as 

5 2+53°, it may be converted to the rectangular form by 

the use of cos 53° and sin 53°. In this instance the vector 

is 5 units in length and makes an angle of approximately 


53° with the +X axis. Thus, 


sin 53°=BC, 
5 
or 


BC=5 sin 53°=5X0.799=4 (approx.); cos 53°= 2%, 
or 
OC=5 cos 58°=5X0.6=3. 
Therefore with BC and OC known, the vector may be ex- 
pressed as the complex number 3+ 4. 
The polar form may be converted to the rectangular form 
more concisely in the following manner: 


5 2+53°=5 cos 53°+75 sin 53° 
=5X0.6+j5X0.8 
=3+j4 

Addition and Subtraction of Polar Vectors 


Unless polar vectors are parallel to each other they cannot 
be added or subtracted algebraically. Therefore, the polar 
form is converted first to the rectangular form. Then the 
real components are added algebraically, and likewise, the 
imaginary components are added algebraically. Finally 
the result may be converted back to the polar form. 


Multiplication and Division of Polar Vectors 


The method of multiplying and dividing complex numbers 
by treating them as binomials and rationalizing the denom- 
inators may be simplified considerably by first converting 
the vectors into polar form and then proceeding to combine 
them in the following manner: 

To obtain the product of two vectors, multiply the num- 
bers representing the vectors in polar form and add their 
corresponding angles algebraically. The resultant vector is 
in polar form. Thus, 


(5 Z2+53°) (5 Z—53°)=25 20°. 


To obtain the quotient of two vectors, divide the numerator 
by the denominator as in ordinary division, then subtract 
algebraically the angle of the denominator from the angle in 
the numerator. The resultant vector is in polar form. Thus, 


102+25° 
5Z—20° 


SERIES RESONANCE 


Series-Resonant Circuit 





=22+45°. 


A series-resonant circuit is composed of a capacitor, an 
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Figure 1-2.—Series resonance. 


inductor, and a resistor, as shown in figure 1-2, A. The 
circuit losses that occur in the capacitor, the inductor, and 
the connecting leads are assumed to occur in the resistor, R, 
in the circuit. 

Conditions Required for Series Resonance 


In order for the series circuit shown in figure 1-2, A, to 
be in resonance, the frequency of the applied voltage must 
be such that X,= Xe. 

When aseries circuit contains resistance, inductive react- 
ance, and capacitance reactance, the total impedance for 
any frequency is given as 


Z=R+j(Xi—Xo). 


Because X, increases and X¢ decreases with an increase in 
frequency, at a certain frequency (the resonant frequency) 
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Xz will equal X¢, they will cancel, the j term will drop out, 
and Z will equal 2. Therefore, at the resonant frequency, 
the power factor is unity. Furthermore, because the total 
impedance is now only the resistance, R, of the circuit, the 
circuit current is a maximum. In other words, at resonance 
the generator is looking into a pure resistance. 

The resonant frequency of the series circuit is established 
as follows: At resonance 


X,=Xe (1-1) 
in which 
X,=2xfL 
and 
Reel 
oe 2xfC 


Therefore, substituting the proper values in equation (1-1) 
gives 


a! 
2xfL= fC (1-2) 
Transposing (1-2) 
tA 7 
P= FPLC Ae) 
and solving for f in (1-3), 
1 
IAI 


where f is in cycles per second, L is in henrys, and C is in 
farads. 

Where L is expressed in microhenrys (uh), C is expressed 
in micromicrofarads (upf), and the frequency is expressed in 
megacycles (mc), a more convenient form of the equation is 


_ 159 
I JIC 


At frequencies below resonance, X¢ is greater than X;, and 
the circuit contains resistance and capacitive reactance; at 
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frequencies above resonance, X, is greater than X, and the 
circuit contains resistance and inductive reactance. At 
resonance, the current is limited only by the relatively low 
value of resistance. 

Because the circuit shown in figure 1-2, A, is a series 
circuit, the same current flows in all parts of the circuit, and 
therefore the voltage across the capacitor is equal to the 
voltage across the inductor, because X; is equal to Xp. 
These voltages (fig. 1-2, C), however, are 180° out of phase, 
since the voltage across a capacitor lags the current through 
it by approximately 90° and the voltage across the inductor 
leads the current through it by approximately 90°. The 
total value of the input voltage, Z, then appears across R 
and is shown as EZ, in phase with the current, J. 

Assume that at a given instant, corresponding to angle 0°, 
the current through the circuit is a maximum, as indicated in 
figure 1-2, B. During the first quarter cycle (from 0° to 90°) 
the circuit current falls from maximum to zero. The capaci- 
tor is receiving a charge, as is indicated by the rising voltage, 
€,, across it. The product of the instantaneous values of ¢, 
and 7 for this interval indicate a positive power curve. The 
shaded area under this curve represents the energy stored 
in the capacitor during the time it is receiving a charge. 

During the first quarter of a cycle (0° to 90°), when the 
capacitor is receiving a charge, the magnetic field about the 
inductor is collapsing because the circuit current is falling 
and the inductor acts like a source of power that supplies 
the charging energy to the capacitor. The voltage, ¢, 
across the coil, is opposite in phase to the voltage building 
up across the capacitor and is shown below the line. There- 
fore, the product of the instantaneous values of the current 
and voltage across the inductor indicates a negative power 
curve for the coil between 0° and 90°. 

During the second quarter cycle (90° to 180°) the capacitor 
discharges from maximum to zero, as indicated by the 
capacitor voltage curve, e,, and the coil reverses its function 
and acts like a load on the capacitor. Thus, the capacitor 
now acts as a source of power. The product of a negative 
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current and a positive voltage (e,) indicates a negative 
power curve for the capacitor for this interval. During the 
same quarter cycle the circuit is rising through the inductor 
(in the opposite direction) and energy is being stored in the 
magnetic field. The product of the negative current and 
negative voltage, e,, for the second quarter cycle indicate a 
positive power curve for the inductor. 

A similar interchange of energy between the capacitor and 
inductor takes place in the third and fourth quarter cycles. 
Therefore, the average power supplied to the inductor and 
capacitor by an external source is essentially zero. All 
circuit losses are assumed to be in the resistor, R. The 
voltage across the resistor and the current through it are 
in phase. The product of the voltage and current curves 
associated with the resistor indicate a power curve that has 
its axis displaced above the X axis. The displacement is 
proportional to the true average power which is equal to the 
product, EJ (where £ and / are effective values). What- 
ever power is dissipated in 2 is supplied by the source. 


Quality, or Q 


The ratio of the energy stored in an inductor during the 
time the magnetic field is being established, to the losses 
in the inductor during the same time is called the qua.iry, 
or Q, of the inductor; it is also called the FIGURE OF MERIT 
of the inductor. This ratio is 


PXt_X,_ Q 
ERR SY 
The Q of the inductor is therefore equal to the ratio of 
the inductive reactance to the effective resistance in series 
with it, and it approaches a high value as /? approaches a 
low value. Thus, the more efficient the inductor, the lower 
the losses in it and the higher is the Q. 
In terms of the impedance triangle (fig. 1-3, A) 


=o 
Q= R =tan 6, 
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INDUCTIVE REACTANCE CAPACITIVE REACTANCE 
AND RESISTANCE AND RESISTANCE 
Figure 1-3.—Impedance triangles. 


where @ is the phase angle between the hypotenuse, Z, and 
the base, R. As @ approaches 90°, tan @ approaches infinity, 
and the coil losses approach zero. 

Similarly, in a capacitor the Q is a measure of the ratio of 
the energy stored to the energy dissipated in heat within the 
capacitor for equal intervals of time. This ratio is 

PXt_Xe 


A ER8 


PR R 


where R is the effective resistance in series with the capaci- 
tive reactance, X¢ (fig. 1-3, B). The effective resistance is 
low with respect to the capacitive reactance, and is such that 
when multiplied by the square of the effective capacitor 
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current equals the true power dissipated in heat within the 
capacitor. 

Since most of the losses in a solid-dielectric capacitor occur 
within the dielectric rather than in the plates, the Q of low- 
dielectric-loss capacitors is high. The losses of an air-dielec- 
tric capacitor are negligible, and thus the Q of such a capaci- 
tor may have a very high value. 

The Q of a circuit like the series-resonant circuit of figure 
1-2, A, is the ratio of the energy stored to the energy lost in 
equal intervals of time. The expression becomes 


Pt [Xt _X,_ Xe 


= Tei TR RR’ 


where R represents the total effective series resistance of the 
entire circuit. If the capacitor has negligible losses, the 
circuit Q becomes equivalent to the Q of the coil. The 
circuit Q may be maintained satisfactorily high by keeping 
the circuit resistance to a minimum. 

INFLUENCE OF Q ON VoLTAGE Gain.—In figure 1-2, A, the 
voltage across L is 


E,= 1X, =P Xe 





QE. 


The Q of the circuit is the ratio of the voltage across either 
the inductor or capacitor to that across the effective series 
resistance. In other words, the voltage gain of the series- 
resonant circuit depends on the circuit @—that is 


REDUCTION IN VOLTAGE across C AND L NEAR RESO- 
NANCE.—Figure 1-4 shows the relation between the effective 
current and frequency in the vicinity of resonance for a 
series circuit containing a 159-uh coil, a 159-uyf capacitor, 
and an effective series resistance of either 10 ohms, or 20 
ohms. 
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Figure 1-4.—Resonance curves of a series L-C-R circuit. 


The resonant frequency, f,, is 
—— 
yLC 
where f is in me, Z is in uh, and C is in ypf, or 
159 


= ———— =| me. 
Jf 159X159 


The reactances and impedance at resonance may likewise 
be determined. Thus, 
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X1,=2xfL=6.28X 10°X 159 X 107 *=1,000 2+ 90° ohms; 


1? Se 1 


Xc.= 3570 6.28 X10°X 159 X10" 


= 1,000 Z—90° ohms. 


When R=10 ohms, 
=R+jX,—jXc=10+j1,000 —71,000=10 20° ohms. 


If the applied voltage is assumed to be 10 millivolts (mv) 
at a frequency of 1 me, the circuit current is 
E_ 0.01 


I=Z=739 7°: .001, or 1 ma. 


At the resonant frequency, the voltage across the inductor 
is 
E,=1X,=0.001 X1,000=1, or 1,000 mv, 


and the voltage across the capacitor is the same, except it is 
180° out of phase with the voltage across the coil. The 
losses in the coil and capacitor are assumed to be lumped in 
the effective series resistance. The circuit Q is 

1,000 


=F 100. 


The voltage gain at resonance is 


E, _1,000 
Eo 19 7100 


If the frequency of the applied voltage is decreased by an 
amount 20 times the resonant frequency, f,, the current in 


the tuned circuit decreases to 0.707 of its value at the reso- 
nant frequency and leads the applied voltage by 45°. Thus, 
the input rae is decreased an amount equal to 


aX fo=svimp X 1,000=5 ke, 


20 re 100 
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and the new frequency is therefore 995 ke. At a frequency 
of 995 ke, 


X,=2nfL=6.28 X 0.995 X 10° 159 X 10-°=995 Z+ 90° ohms, 


and 
I 


1 é = 
Xo= 3570 6.28% 0.905% 10°X 159 X 10-7 110054—90° ohms. 


The circuit impedance at 995 kc is 
Z=10+3995—71,005=10—j10=14.14 Z—45° ohms. 
The circuit current at 995 ke is 


E_ 0.010 
T=3-3447°- .000707, or 0.707 ma. 


At this frequency, the voltage across the coil, or the capacitor, 
is reduced to approximately 70 percent of its value at reso- 
nance because the current is reduced to this amount, and the 
reactance change is very small. The voltage across the 
coil is 

E,=1X,=0.707 X995=705 mv. 

If the frequency of the applied voltage is decreased by an 
amount 3 times the resonant frequency, the current de- 
creases to 0.447 of its value at resonance and leads the applied 
voltage by 63.4°. Thus, in the example of figure 1-4 

gene mX 000=10 ke, 


and 1,000—10=990 ke. 
The inductive reactance at 990 kc is 


= 2afL=6.28 X0.990 X 10° X 159 X 10-°= 990 2+ 90° ohms. 


and the capactive reactance is 
22 


1 1 
2xfC 6.28X0.990X10°X159X10-# 





Xc= =1,010 Z—90° ohms. 


The impedance of the series circuit at 990 ke is 


Z=R+jX,—jXce=10+j990—j1 ,010= 
10—j20=22.4 Z—63.4° ohms. 


At this frequency the circuit current is 
=F = m4 70: 000447, or 0.447 ma, 


and the voltage across the coil is 
E,=1X,=0.447 X990=444 mv. 


Corresponding INcREASEs in the frequency of the applied 
voltage above the resonant frequency will produce the same 
reductions in circuit current and voltage across the reactive 
portions of the circuit. In this case, however, the circuit 
current lags the applied voltage instead of leading it. Thus, 
the resonance curve is symmetrical about the resonant fre- 
quency in the vicinity of resonance. 

If the circuit resistance is increased to 20 ohms, the Q 
is reduced to 50 and the resonance curve is flattened, as shown 
by the lower curve in figure 1-4. The series-resonant circuit 
amplifies the applied voltage at the resonant frequency. If 
the circuit losses are low the circuit Q will be high and the 
voltage amplification relatively large. For resonant circuits 
involving iron-core coils the Q may range from 20 to 100; 
for silver-plated resonant cavities at very high frequencies, 
the Q may range as high as 30,000. In practice, because 
nearly all of the resistance of a circuit is in the coil, the ratio 
of the inductive reactance to the resistance is especially im- 
portant. The higher the Q of the coil, the better is the coil 
and the more effective is the series-resonant circuit that 
utilizes it. 

If the circuit Q is low, the amplification at resonance is 
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relatively small and the circuit does not discriminate sharply 
between the resonant frequency and the frequencies on either 
side of resonance, as is shown by the lower curve in figure 
1-4. The range of frequencies included between the two 
frequencies at which the current drops to 70 percent of its 
value at resonance is called the bandwidth for 70-percent 
response. A measure of the bandwidth for 70-percent re- 


sponse is $ If the circuit Q is 100, the bandwidth for 70- 


percent response is 
1,000__ 
00 = 10 ke. 


Thus, if the frequency of the applied voltage is reduced 
from 1,000 ke to 995 ke or increased to 1,005 ke, the circuit 
current is reduced to 70 percent of its value at resonance. 
Likewise, the voltage across L or C is reduced to approxi- 
mately 70 percent of its value at resonance. For the lower 
curve, representing a circuit having a Q of 50, the bandwidth 
is 20 ke. 

Applications of Series-Resonant Circuits 


Series-resonant circuits are used largely as filters (to be 
treated later in this chapter) for audio and radio frequencies 
With proportionately larger component values the series 
circuit may be used as a power-supply filter. For example, 
assume that a d-c generator has a ripple frequency of 500 
cps. A series-resonant circuit tuned to 500 cps may be con- 
nected across the terminals of the generator and thus effec- 
tively short-circuit the ripple voltage. The coil and capacitor 
insulation must be able to withstand the relatively high a-c 
voltages caused by the scries-resonant action. 

The series-tuned circuit may also be used to give an indi- 
cation of frequency if the capacitor is calibrated for the 
appropriate frequency range. The capacitor and the inductor 
are connected in series with a current-indicating device across 
the source of the unknown frequency. At resonance the 
current, as indicated by the device, will be a maximum. 
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PARALLEL RESONANCE 


Parallel-Resonant Circuit 


A parallel-resonant circuit consists of a combination of 
inductance, resistance, and capacitance in two parallel 
branches as indicated in figure 1-5, A. Because the losses 
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Figure 1-5.—Parallel resonance. 


of the circuit are generally associated with the inductor, 
this branch includes a series resistor, R, in which all the 
losses are lumped. The other branch consists of a capacitor 
having negligible loss. At resonance, the same interchange 
of energy occurs between the capacitor and the inductor that 
occurs in the series-resonant circuit. The circuit impedance 
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vs. frequency is shown in figure 1-5, B, and the vector dia- 
gram is shown in figure 1-5, C. 


Conditions Required for Parallel Resonance 


At resonance the current, J;, in the capacitive branch 
eguals the nonenergy (reactive) component of current in 
the inductive branch as shown in the vector diagram of 
figure 1-5, C. Because the capacitor current leads the 
applied voltage by 90° and the inductor reactive component 
of current lags the applied voltage, Z, by 90°, their vector 
sum is zero; and the line current, /,, represents only the 
relatively small value of energy current that flows in the 
inductive branch. Thus, the parallel-resonant circuit has a 
high input impedance, and the line current is in phase with 
the applied voltage, which is the condition of unity power 
factor. 


Formulas for f, and Z, 


For all practical purposes the resonant frequency of 4 
parallel circuit having a Q of 10 or higher may be expressed 
as 


io 
: 2xVLC 
where f, is in cycles, L is in henrys, and C is in farads. This 
is the same as the formula for the series-resonant circuit, 
because here too there is an approximate equality between the 
inductive and capacitive reactances. 


The combined impedance, Z,, at resonance for the two- 
branch parallel circuit is 


poh JE 
° I, 1,008 @ Eee 4 
ae (1) 
Zi Z 


where Z, is the impedance of the L-R branch. 
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At resonance the capacitor current, J,, is equal to the 
nonenergy component of the inductor current, J;. Thus, 


L=h sin 6 


E_EX, 


Xo 2 Zs 
Zi=XoX1. (1-5) 
Substituting (1-5) in (1-4), 
1 


ol a L 
Rk” GR’ 





aAiXc_ 
Zatti 


where w=2zf. Thus, the F ratio (R being constant) is a 


factor which determines the magnitude of the impedance of 
the parallel circuit at the resonant frequency. The 
impedance-frequency curves (figure 1-5, B) for a parallel 
circuit have the same shape as the current-frequency curves 
for a series circuit. Note that the impedance across the 
terminals of the parallel circuit is maximum at resonance, 
whereas it is minimum for the series circuit. As in the series 
circuit, the resonance curves are sharper when the internal 
resistances are smaller, and the Q’s are higher. 

For example, the two-branch parallel-tuned circuit, figure 
1—5, A, has a capacitor of 159 uuf with negligible losses in 
parallel with a 159-uh coil having an effective resistance of 
10 ohms. The resonant frequency is 


f aol Bere megacycle 
° VLC 159X159 


The impedance at resonance is 


L 159X10-* 


2.= GOR 150X107 X10 101000 ohms. 
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The coil reactance at the resonant frequency is 
X,=2xfL=6.28X 10°X 159X 10-°=1,000 ohms. 


The coil Q is 
X,__ 1,000 
R, = 19 7100. 


Thus, as the parallel circuit strikes resonance, there is 
a rise in the combined impedance equal to Q times the coil 
reactance. The lower the coil resistance, the higher will be 
the coil Q and the combined impedance at the resonant 
frequency. The vector diagram for this example is shown at 
the left in figure 1-5, C. 

Parallel Impedance Near Resonance 


The parallel impedance, Z,, of a parallel circuit at any 
frequency is 
ZZ; 
Se Ta 


Where 7, is the impedance of one branch and Z, is the 
impedance of the other branch. 

Below resonance—for example, at 995 kc—the impedance 
of branch 1 is 


30 ~ a aEXWEKIOKISKIO™ 
=1,005 Z—90°, 
and the impedance of branch 2 is 
R+joL=10+ 76.28 X995 X10" 159 X10-* 
=10+ 7995, or 995 2+90°. 
The parallel impedance is 


__(1,005 Z—90°)(995 2+90°) 
© 0—91,005+ 10+ 7995 


__1,000,000 20° 
14.14 2—45° 


=70,700 2+-45°. 
So 


In this example, the frequency deviation is 20’ or 


1,000 : : 
2<1007> ke. When the frequency is deviated, an amount 
to 


equal to 20’ the impedance falls to 70 percent of its value at 


resonance and the phase angle increases from 0° to 45°. 
Above resonance, the angle is negative; below resonance it is 
positive. In other words, above the resonant frequency, the 
circuit acts like capacitance in series with resistance; below 
resonance it acts like inductance in series with resistance. 


Loading the Parallel-Resonant Circuit 


Increasing the resistance (from 10 to 20 ohms) in series 
with the coil lowers the coil Q from 100 to 50. Since there 
are negligible losses in the capacitor the circuit Q is halved and 
the total impedance of the parallel circuit at the resonant 
frequency is 


z,—_b 15910" 
° CR, 159X10-"X20 


= 1200.000 _ 50, 000 ohms. 


Thus, the parallel impedance at resonance varies inversely 
with the resistance in the coil branch. This series resistance 
may represent the load on the parallel circuit. Hence, an 
increase in series resistance in the coil circuit may represent 
an increased load and a decrease in the total impedance of the 
parallel circuit. The vector diagram for this example is 
shown at the right in figure 1-5, C. 

The Q of a parallel-tuned circuit at resonance may be 
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defined as the ratio of either the current in the capacitive 
or inductive branch, J,.2, to the line current, J,, or 


fie 
Q=7?. 


When a load is inductively coupled to the tuned circuit, 
the load, in effect, adds resistance within the tuned circuit. 
The impedance of the circuit is thereby reduced, and the line 
current is increased, thus lowering the circuit Q. If a load 
is connected in shunt with the tuned circuit, the line current 
is increased and the circuit Q is lowered. 

As long as the circuit Q is maintained above 10, the 
increased load which the increased series resistance represents 
does not materially affect the phase angle between line current. 
and line voltage and does not change the resonant frequency. 
The increase in line current, as shown at the right in figure 
1-5, C, as a result of the increase in resistance of the coil 
branch from 10 ohms to 20 ohms, is the result of the slight 
decrease in phase angle @ for the coil and the corresponding 
slight shift in the phase angle between the counter emf of the 
coil and the applied voltage. 

The parallel-resonant circuit is often called a TANK CIR- 
cuit because it acts like a storage tank when used in some 
electron-tube circuits. The inertia effect of the inductor 
gives the tank a FLYWHEEL effect that permits the alternat- 
ing current to build up in the tank. The relatively large 
current in the tank is equal to the circuit Q times the line 
current; the amplification of current is like the gain in mo- 
mentum of a flywheel as it is being accelerated. The high 
input impedance of the parallel-resonant circuit is the result 
of the relatively large inductive emf of the inductor and the 
capacitive emf of the capacitor, both in approximate phase 
opposition with respect to the source voltage (fig. 1-5, C). 

The parallel circuit is frequency sensitive to a varying 
degree, depending on the Q of the circuit. Below resonance, 
the lower impedance of the inductive branch causes the line 
current to increase and to lag the applied voltage. Con- 


versely, above resonance the lowered impedance of the 
capacitive branch causes the line current to again increase 
and to lead the applied voltage. At resonance, the imped- 
ance is high and resistive. Generally the tank circuit is 
supplied by a relatively high-impedance source compared 
with series-resonant circuit sources. As the frequency of 
the source voltage is varied from below to above the resonant 
frequency, the voltage rises across the tank at the resonant 
frequency, and the line current falls as the tank current rises. 
The rise in voltage across the tank as resonance is approached 
is due to the decrease in line current and internal voltage loss 
of the source. 

Frequently the tank circuit is used to couple energy into 
a load by utilizing the inductor as the primary of a trans- 
former with the secondary connected to the load. When the 
secondary is tuned to the resonant frequency of the tank, 
the secondary current becomes a maximum. The field of 
the secondary current cuts the primary inductor and induces 
a counter emf in that coil. As mentioned previously, this 
action is equivalent to adding effective resistance in series 
with the inductive branch. Thus, coupling a load to the 
tank through mutual inductance lowers the parallel imped- 
ance and increases the line current. Coupling the load in 
this manner tends to slightly detune the tank so that it is 
generally necessary to retune by adjusting the capacitor. 
Loading the tank lowers the circuit Q, the parallel imped- 
ance, the tank current, and the voltage across the tank. At 
the same time the line current is increased. 


Applications of Parallel-Resonant Circuits 


The parallel-resonant circuit is one of the most important 
circuits used in electronic transmitters, receivers, and fre- 
quency-measuring equipment. 

The i-f transformers of radio and television receivers em- 
ploy parallel-tuned circuits. Parallel-tuned circuits are also 
used in the driver and power stages of transmitters, as well 
as in the oscillator stages of transmitters, receivers, and 
frequency-measuring equipment. 
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Various types of filter circuits employ parallel-tuned cir- 
cuits as well as series-tuned circuits. 


TUNED CIRCUITS AS FILTERS 


Tuned circuits are employed as filters for the passage or 
reject ion of specific frequencies. Band-pass filters and band- 
rejection filters are examples of this type. Tuned circuits 
have certain characteristics that make them ideal for cer- 
tain types of filters, especially where high selectivity is de- 
sired. A series-tuned circuit offers a low impedance to cur- 
rents of the particular frequency to which it is tuned and 
a relatively high impedance to currents of all other frequen- 
cies. A parallel-tuned circuit, on the other hand, offers a 
very high impedance to currents of its natural, or resonant, 
frequency and a relatively low impedance to others. 


Band-Pass Filters 


A band-pass filter is designed to pass currents of frequen- 
cies within a continuous band, limited by an upper and lower 
cutoff frequency, and substantially to reduce, or attenuate, 
all frequencies above and below that band. A simple band- 
pass filter is shown in figure 1-6, A. 

The series- and parallel-tuned circuits are tuned to the 
center frequency of the band to be passed by the filter. The 
parallel-tuned circuit offers a high impedance to the frequen- 
cies within this band, while the series-tuned circuit offers 
very little impedance. Thus, the desired frequencies within 
the band will travel on to the load without being affected; 
but the currents of unwanted frequencies—that is, frequen- 
cies outside the desired band—will meet with a high series 
impedance and a low shunt impedance so that they are in a 
greatly attenuated form at the load. 

There are many circuit arrangements for both band-pass 
and band-elimination filters. However, for the purpose of 8 
brief analysis the band-pass circuit shown in figure 1-6 will 
be considered. Let it be assumed that a band of frequencies 
extending from 90 kc to 100 kc is to be passed by the filter. 
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Figure 1-6.—Band-pass filter. 


For an input and output resistance of 10,000 ohms, the 
values of inductance and capacitance are as indicated in the 
figure. The formulas by which these values are obtained 
may be found in handbooks on the subject. 

The resonant frequency of the series circuit, Z1C1, is 


1 
IF EC 
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1 
I °” 6.28-0.318X8.884X10-2 


_0.159X 10-* 159,000 


2.81 1.68 


and for the parallel circuit, L2C2, is 





=95,000 cps, 


0.159X10-* 


Jo eF80K10-FK8.BX10™ 


Thus both circuits are resonant at the center frequency of the 
band-pass filter; the upper limit of which is 100 ke and the 
lower limit 90 ke. 

At resonance the impedances of L1 and C1 cancel and 
maximum current flows through the load, R;; also, the paral- 
lel circuit, C22, offers almost infinite impedance and may 
be considered an open circuit. The inherent resistances 
associated with the filter components are neglected. Thus, 
at resonance, with an assumed source voltage of 200 volts 
and a total impedance of 20,000 ohms, the current through 
the load is approximately 


=95,000 cps. 


IRs"! a,or 10 ma. 

Below resonance—for example, at 90 kc—the impedances 
of L1C1 and C2L2 are such that with the assumed source 
voltage of 200 volts only about 4 milliamperes flow through 
the load. Further below resonance the current through the 
load is even less; and at 75 ke the load current drops to ap- 
proximately 0.0024 milliamperes. 

The same relative decrease in current occurs through the 
load with a corresponding increase in frequency. Figure 
1-6, B, is a graph of the load current vs frequency character- 
istic of the filter shown in figure 1-6, A. 

The current through the 10 k-ohm load (fig. 1-6, A) for an 
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arbitrarily chosen frequency of 92.5 kc may be determined 
as follows: 


L= i (1-6) 


where J, is the current through the load, EZ, is the voltage 
across the load, and R, is the load resistance. 


Ey.=TZs.4, (i-7) 


where J, is the total current supplied by the generator and 
Zs,4 is the combined impedance of the parallel circuit, C22, 
and the load, Ry. z 

I, =Z" (1-8) 
where E£, is the voltage of the generator, and Z, is the total 
impedance of the circuit. 

Z, may be determined by solving for the parallel impedance 
of C2 and L2, combining it with R,, and then combining this 
impedance (Z;4) with the impedance of C1, Li, and R,. 
Thus, 


Bune ae 90°) (R, 20°) 

Xia— c2 . . 

2 KaZtW)knZ—W), pt iMort Re 
+jX1s—jXca 


(5102+90°) (541 2—90°) 
+j510—j541 


= tO SA 3. 85,000— 
(6102 +90°) (541 2—90°) j194,000+10,000 
j510—7541 ne speeiarast 


X10,00020° 


__(8,9002+90°) (10,00020°) 


10,000+-38,900 + 10.000—9,000 


_(8,9002+-90°) (10,00020°) 


13,370Z+41,77 + 10,000—79.000 


=6,6702+ 48.3°+ 10,000—39,000 
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=4,450+74,980+ 10,000—79,000 
=14,450—74,020. 
Expressed in the polar form, 
1= 15,000 Z—15.6°. 


From equation (1-8), the total circuit current is 
L.=F= +7, —=0.01335 amperes; 
t 


from equation (1-7), the voltage across the load is 
Ey, ,=1,Z3,4=0.01335 X 6,670=89.0 volts; 


and from equation (1-6), the load current is 


LL= "=, 7,,=0-0089 amperes=8.9 ma. 


Band-Elimination Filters 


A band-elimination filter (or band-suppression filter) is 
designed to suppress current of all frequencies within a con- 
tinuous band, limited by the lower and upper cut-off fre- 
quencies, and to pass all frequencies below or above that 
band. A simple band-suppression filter is shown in figure 
1-7, A. This type of filter is just the opposite of the band- 
pass filter; currents of frequencies within the band are greatly 
attenuated or weakened. The series- and parallel-tuned 
circuits are tuned to the center of the band to be eliminated. 
The parallel-tuned circuit in series with the source offers a 
high impedance to this band of frequencies, and the series- 
tuned circuit in shunt with the load offers very low imped- 
ance; therefore, the signals within the elimination band are 
both blocked and diverted from the load. All other 
currents—that is, currents at all frequencies outside the 
band—pass through the parallel circuit with very little 
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Figure 1-7.—Band-elimination filter. 
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opposition and are unaffected by the series-tuned circuit since 
it acts as an open circuit at these frequencies. 

Assume that a band of frequencies extending from 90 ke 
to 100 ke is to be suppressed by the filter. For an input and 
output resistance of 10,000 ohms, the values of inductance 
and capacitance are as indicated in the figure. (The formulas 
by which these values are determined may be found in radio 
engineering handbooks.) 

At resonance (95 kc) the parallel circuit, Z1C1, offers 
maximum impedance and may be considered as almost an 
open circuit. At the same frequency the series circuit, 
£2C2, in effect short-circuits the load, so that minimum 
current will flow through the load at the resonant frequency. 
As in the case of the band-pass circuit, the inherent series 
resistance of the two tuned circuits is small and can be 
neglected. 

Below resonance—for example, at 90 kc—the impedances 
of L1C1 and L2C2 are such that with an assumed voltage of 
200 volts about 42.5 milliamperes flow through the load, Rz. 
At 75 ke (20 ke below resonance) the current through the 
load is increased to approximately 96 milliamperes. 

The band-suppression characteristic is symmetrical about 
the resonant frequency and the same relative increase in 
current with increase in frequency may be assumed. Figure 
1-7, B, is an indication of the current-frequency characteris- 
tic of the filter shown in figure 1-7, A. The current is the 
current that flows through the load, Rz. 


Wave Traps 


Wave traps, sometimes used in the antenna circuits of 
radio receivers, are forms of band-elimination filters. There 
are two general types of wave traps—the parallel-tuned 
filter and the series-tuned filter. 

The parallel circuit, in series with the antenna in figure 1-8, 
A, is tuned to resonance at the frequency of the undesired 
signal. 

The parallel wave trap presents a high impedance to cur- 
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Figure 1-8.—Wave traps. 


rents of this unwanted frequency and allows currents of 
other frequencies to enter the receiver with only slight 
attenuation. 

The series circuit, connected as shown in figure 1-8, B, 
is tuned to resonance at the frequency of the undesired signal. 
The impedance of the series circuit, CiL1, at resonance is 
low. Hence, these unwanted frequencies will be bypassed 
to ground around the receiver input transformer primary, 
L3. The desired frequencies will be essentially unaffected 
because either L, or C, act as a high impedance when not in 
resonance. 


INDUCTIVELY COUPLED TUNED CIRCUITS 


When two separate circuits are so positioned that energy 
from one circuit is coupled to the other circuit by transformer 
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action, they are said to be INDUCTIVELY COUPLED. MuTuaL 
INDUCTANCE is the common property of the two circuits that 
determines, for a particular rate of change of current in one 
of the circuits, the amount of emf induced in the other circuit. 
Mutual inductance is expressed in henries and is designated 
by the letter M. 

Although problems involving inductively coupled circuits 
may be somewhat complex, they may be simplified if the 
following assumptions are made: (1) The effect of the pres- 
ence of the coupled secondary on the primary is the same as 





(wM)? 
if an impedance, z ) » called the COUPLED IMPEDANCE, had 
3 


been added in series with the primary. In this expression, 
M is the mutual inductance, and Z, (a vector) is the series 
impedance of the secondary, when not coupled to the 
primary. (2) The secondary voltage, e¢:, induced by the 
primary current, i,, has a value of wMi, and lags the primary 
current by 90°. (3) The secondary current, i,, is that value 
of current that would flow if the primary were removed and 
the induced secondary voltage were applied in series with the 
secondary winding. The coupled impedance is a vector 
quantity. It has the same phase angle as the secondary 
impedance, Z,, but is of opposite sign. 

The primary current, secondary voltage, and secondary 
current may be determined by Ohm’s law as applied to a-c 
circuits. Thus, the primary current, i,, may be determined 
as 

ii 
Z,+ Z 





where £ is the voltage applied to the primary. The second- 
ary voltage has been stated as wMi,. The secondary cur- 
rent, i,, is determined as 


i _wMi,Z 490° 
o> Z 
; ‘ (wM)? 
From the expression for coupled impedance, “zy, -? some 
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of the characteristics of a coupled circuit can be determined. 
For example, if M is large and Z, is small, the coupled imped- 
ance will be large and the primary current may be reduced as 
a result of the increased impedance when the coupling occurs. 
The voltage induced in the secondary, and the secondary cur- 
rent, will be correspondingly affected. If, on the other hand 
M is small and Z, is large, the effect of the presence of the 
secondary on the primary is slight and little change occurs 
in primary current with increased coupling. A special case 
in which the secondary is tuned is of importance because it is 
widely used in r-f voltage amplifiers in radio receivers. 


Untuned-Primary Tuned-Secondary Circuit 


A simplified untuned-primary tuned-secondary circuit is 
shown in figure 1-9, A. 
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UNTUNED-PRIMARY TUNED-SECONDARY CIRCUIT CURRENT IN SECONDARY 


VS FREQUENCY 
Figure 1-9.—Untuned-primary tuned-secondary circuit and response curve. 


Ordinarily, if an electron tube is connected in the primary 
circuit, the plate resistance, r,, acts in series with the primary, 
L,, and the coupled impedance. 

If the coupling is small and the plate resistance is large 
with respect to the coupled impedance (as in the case in 
pentode amplifiers), the primary current is substantially in- 
dependent of the resonant condition of the secondary. The 
curve of secondary current vs frequency (fig. 1-9, B) then 
has the same general shape as that of the ordinary series- 
tuned circuit of figure 1-4. If a triode is used in place of the 
pentode, the plate resistance is reduced and the coupled im- 
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pedance becomes an appreciable part of the primary im- 
pedance. At resonance the secondary impedance is low and 
resistive and the coupled impedance causes a dip in primary 
current. At frequencies away from resonance the secondary 
impedance increases, and the coupled impedance is less, 
causing an increase in primary current. This increases the 
voltage induced in the secondary by transformer action at 
these off-frequency points and prevents the secondary cur- 
rent from falling off as rapidly as it would if the secondary 
induced voltage were constant. Thus, the curve is broader 
and indicates a lower effective Q for the series-tuned circuit 
than would exist if the plate resistance of the electron tube 
were removed from the circuit. 

The formula of the coupled impedance, which is responsible 
for the shape of the characteristic curve of an untuned- 
primary tuned-secondary circuit, is 

2 2 
coupled impedance=“P"_. oo ee 
. 5 we | 
R,t+joL,—j a, 


In the vicinity of resonance, (wM)? varies only slightly. 

The denominator represents the series impedance of the 
2 

secondary. The coupled impedance formula, om, is 





similar in form to that of the impedance formula of a parallel 
2 
resonant circuit, “7 + Thus, the coupled impedance due 


to the tuned secondary varies with frequency according to 
the same mathematical law as the impedance of a parallel 
circuit varies with frequency. In the case of coupled im- 
pedance, however, the magnitude of the curve depends on 
the mutual inductive reactance, wM, instead of the inductive 
reactance, wl. 


Tuned-Primary Tuned-Secondary Circuit 


A simplified tuned-primary tuned-secondary circuit and 
current vs frequency response curves are shown in figure 
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| 1-10, A. As indicated by the response curves (fig. 1-10; 
; Band C), this type of circuit has a band-pass characteristic 
that depends in part on the coefficient of coupling, k, and in 
part on the circuit Q’s. 
Under proper operating conditions essentially uniform am- 
_ Plification of a relatively narrow band of frequencies may be 
achieved, and amplification of frequencies outside this band 
may be sharply reduced. These characteristics make this 
type of coupling highly desirable in intermediate-frequency 
amplifiers in both radio and television receivers. 

Because the slope of the response curve is not perfectly 
vertical, the circuit cannot completely discriminate against 
frequencies just outside the desired channel without also 
attenuating to some extent the frequencies at the upper and 
lower limits of the pass band. However, double-tuned cir- 
cuits approach an ideal band-pass characteristic much more 
closely than do single-tuned circuits, which have rounded 
response curves. 

When the coefficient of coupling (fig. 1-10, B) is low, the 
response is sharply peaked at the resonant frequency and the 
pass band is very narrow. As the coupling is increased to 
the critical value, maximum current flows in the secondary, 
and the output voltage across the secondary is also at its 
maximum. At this point (critical coupling), 





and if the Q’s are equal, 


of 
og 


The pass band is still relatively narrow. 

If the coupling is further increased until the optimum value 
is reached, the gain is still relatively high; but the pass band 
has been increased and the response is essentially uniform. 
At this point (optimum coupling), 
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Figure 1-10.—Tuned-primary tuned-secondary circuit and response curves. 
44 





k= 
v Q,9: 
and if the Q’s are equal, 
pons: 
Q 


As the coupling is again increased, the humps at j; and f, 
are well defined, and the gain at resonance is considerably 
reduced. Although the pass band is now much wider, the 
gain throughout the band is not sufficiently uniform. 

The two humps, f; and /2, in the curve are due to the re- 

2 
actance, oy, that is coupled into the primary as the 
A 

coupling is increased. Below resonance this reactance is in- 
ductive, and above resonance it is capacitive. For the same 
frequencies, the coupled reactance has the opposite sign to 
that of the primary, and the impedance of the primary is 
therefore reduced. Accordingly, there is an increase in pri- 
mary current at frequencies slightly off resonance; and this 
results in increased current in the secondary, and also an 
increase in voltage at the output. 

The frequencies at the two humps, f, and f2, which define 
the practical lower and upper limits of the pass band, are 
determined by the following equations: 





A= Je 
vitk 


A= des 

vi-k 
Figure 1-10, C, shows the effects of varying the Q while 
maintaining a constant coefficient of coupling. Actually, 
the desired response curve could be achieved by the proper 
manipulation of both k and Q because they are interrelated. 
From the foregoing equations it is seen that in order to 
have a wide pass band k must be large, and the circuit Q’s 
must be small. However, the proper relation between k and 
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Q is essential if both the desired bandwidth and the desired 
response within the band are to be maintained. 

The application of inductively coupled circuits in electron- 
tube amplifiers, together with amplifier voltage-gain equa- 
tions, is treated in chapter 5. 


QUIZ 


1. Why is the reactance of a series-tuned circuit zero at the resonant 
frequency? 
2. What is the most important characteristic of a series-tuned circuit? 
3. Under what circumstances will the voltage appearing across either 
the inductor or the capacitor in a series circuit be much higher than 
the source voltage? 
4. Why is the impedance offered by a parallel-resonant circuit maxi- 
mum and purely resistive at the resonant frequency? 
5. Under what circumstances will an inductor and capacitor be in 
resonance at the same frequency irrespective of whether they are 
connected in series or in parallel? 
6. What are two of the principal functions of tuned circuits in re- 
ceivers? 
7. What distinguishes a vector quantity from a scalar quantity? 
8. How many times must the +j operator be applied as a multiply- 
ing factor to a vector initially in the 0° position to rotate it 450°? 
9. If a vector, initially at the 0° position (along the + X axis), is mul- 
tiplied by 7 and then by —j‘ what will be its angular position with 
respect to the X axis? 
10. What magnitude and angle are represented by the expression j*5? 
11. What does the expression +7 ohms represent? 
12. (a) Add: 6+j3 to 1+j2 

(b) Subtract: 1+ 32 from 6+ j3 (and reduce to simplest form) 
13. (a) Multiply: 3+74 by 3—722 

(b) Divide: 6+j3 by 3—j2 
14. Convert from one form to the other: 

(a) 22+30° 

(b) 6+ 78 


om 


17. 
18. 


19. 


21. 


23. 


24. 


25. 
26. 


27. 


28. 


29. 


30. 
31. 


32. 


33. 
34. 


35. 


36. 


When may polar vectors be added or subtracted algebraically? 
(a) Multiply: 3 Z+30° by 6 2 —60° 

(b) Divide: 4 2+40° by 2 Z —20° 

Why is the power factor unity in a series-resonant circuit? 


What determines the average power dissipated in a series-resonant 
circuit? 


What two ratios may be used to determine the Q of an inductor? 


|. What two ratios may be used to determine the Q of a capacitor? 


How does a decrease in the effective resistance acting in series with 
@ resonant circuit affect the circuit Q? 


How does an increase in the circuit Q of a series-resonant circuit 
affect the voltage gain? 


How does the circuit Q affect the sharpness of the current-vs- 
frequency curve of a series-resonant circuit? 


Why does the current in a series-resonant circuit lag the applied 
voltage above the resonant frequency? 


What is the principal use of the series-resonant circuit? 


In a parallel-resonant circuit, why is the line current in phase with 
the applied voltage? 


What determines the magnitude of the impedance of a parallel- 
resonant circuit? 


In a parallel-resonant circuit why is the phase angle between R and 
Z negative above resonance? 


What are the effects of increasing the load on a parallel resonant 
circuit? 


Why is a parallel-resonant circuit called a tank circuit? 

In the band-pass filter of figure 1-6, what prevents the unwanted 
frequencies from reaching the load? 

In the band-elimination filter in figure 1-7 what prevents the un- 
wanted frequencies from reaching the load? 

What is the function of wave traps? 

In transformer action what effect does coupled impedance (added 
in series with the primary) have on the primary current if the 
source voltage is constant? 

In an untuned-primary tuned-secondary transformer-coupled cir- 
cuit, when is the primary current independent of the resonant con- 
dition of the secondary? 

In a tuned-primary tuned-secondary transformer-coupled circuit, 
what two factors determine the band-pass characteristic? 
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CHAPTER 





OPERATING PRINCIPLES OF THE 
ELECTRON TUBE 


The electron tube is considered primarily responsible for 
the rapid evolution of electronics to its present stage. It is 
one of the basic components of almost every piece of elec- 
tronic equipment. Without the discovery and development 
of the electron tube, elaborate yet compact equipments, sich 
as radio, radar, and sonar would not have been possible. 
It should, therefore, be apparent to the student that, in order 
to have a clear concept of electronic theory and the operating 
principles of electronic equipment, electron tube principles 
are of utmost importance. 

The electron tube is made up of a highly evacuated glass 
or metal shell which encloses several elements. The ele- 
ments consist of the cathode, the plate, and sometimes one 
or more grids. Electron tubes are of many types and desig- 
nations and perform many functions. They can be made to 
(1) convert currents and voltages from one waveform to 
another, (2) amplify weak signals with minimum distortion, 
and (3) generate frequencies much higher than any conven- 
tional a-c generator. 


TYPES OF EMISSION 


Electrons flow within a conductor when a potential differ- 
ence is applied across the terminals of the conductor. These 
electrons break away from the orbits of their parent atoms 
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and move with a rapid vibratory motion, the velocity of which 
increases with temperature. At ordinary temperatures the 
particles do not leave the surface of the conductor because 
their velocity is not great enough to overcome the attractive 
forces within the conductor. 

To escape from a metallic surface, electrons must do work 
to overcome the forces of attraction which are always present. 
This amount of work is called the work FUNCTION of the 
material. Increasing the heat intensity of a metallic emitter 


increases the kinetic energy of the so-called free electrons in 
the material. 


Thermionic Emission 


Thermionic emission is the process by which electrons 
gain enough energy by means of heat to be released from the 
surface of the emitter. Thermionic emission is the type of 
emission most frequently employed in electron tubes. 


Photoelectric Emission 


An emission of electrons can also be caused by light striking 
the surface of certain materials. This type of emission is 
called PHOTOELECTRIC EMISSION. The energy of the light 
rays striking the substance is imparted to electrons on the 
surface. If the energy acquired by the electrons is sufficient, 
the force thus acquired will overcome the attractive forces 
at the surface and the electrons will escape from the sub- 
stance. The velocity at which the electrons are emitted is 
directly proportional to the light frequency of the radiant 
energy striking the material; therefore, the higher the light 
frequency (shorter the wavelength) the greater is the velocity 
of emitted electrons. The number of electrons emitted is 
directly proportional to the intensity of the light. Materials 
that are particularly sensitive to light are zinc, potassium, 
and the other alkali metals. Two of the principal uses for 
photoelectric emission are photoelectric cells and television 
camera, or iconoscope, tubes. 
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Secondary Emission 


Emission of electrons from a body caused by the impact of 
other electrons striking its surface is called sECONDARY 
EMIssIoNn. If a stream of electrons flowing at a high velocity 
strikes a material, the force may be great enough to dis- 
lodge other electrons on the surface. Secondary emission is 
not commonly used as a source of electrons. However, it 
does occur spontaneously in tubes and must be controlled. 
This problem is discussed later in this chapter. 


TYPES OF EMITTERS 


Only a few substances can be heated to the high tempera- 
tures that are required to produce satisfactory thermionic 
emission without melting. Tungsten, thoriated-tungsten, 
and oxide-coated emitters are the only types that are com- 
monly used in electron tubes. 


Tungsten Emitters 


Tungsten has a great durability as an emitter but requires 
a large amount of heating power and a high operating tem- 
perature for satisfactory emission. Tungsten cathodes are 
used primarily in high-power electron tubes like those in 
HIGH-POWER radio transmitting equipment. 


Thoriated-Tungsten Emitters 


A thoriated-tungsten emitter has a thin layer of thorium 
on the surface of the tungsten. The layer of thorium is 
monomolecular—that is, only 1 molecule thick. Thoriated- 
tungsten cathodes have greater electron emission at a lower 
operating temperature than a cathode of pure tungsten and 
are normally used in tubes that are operated at plate voltages 
of 500 to 5,000 volts. Tubes such as the 860 and 861 use this 
type of emitter. These tubes and others like them are used 
extensively in low-power radio transmitters. 
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EMISSION EFFICIENCY OF VARIOUS EMITTERS 
Figure 2-1.—Emission vs temperature curves for three types of emitters. 
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Oxide-Coated Emitters 


Oxide-coated emitters consist of metal, such as nickel, 
coated with a mixture of barium and strontium oxides, over 
which is formed a monomolecular layer of metallic barium 
and strontium. This is the most efficient type of emitter. 
It operates at a lower temperature than tungsten or thoriated- 
tungsten and therefore requires less power, resulting in a 
longer life at a higher emission efficiency. It is used in 
almost all types of receiving tubes. 

The graphs in figure 2-1, A, show electron emission as a 
function of cathode temperature for the three types of 
emitter materials discussed in this chapter. The tempera- 
ture at which emission becomes appreciable is called the 
NORMAL OPERATING TEMPERATURE. ‘The emitter comprises 
the cathode of the electron tube. The emission efficiency 
of the three types of emitter materials is shown in figure 2-1, 
B. (See page 51.) 


HEATING THE EMITTER 


The electron-emitting cathodes of electron tubes are 
heated in two ways—(1) directly, and (2) indirectly. A 
directly heated emitter receives its heat by the passage of a 
current through the filament itself which serves as the 
cathode. An indirectly heated cathode comprises a metal 
sleeve that surrounds the filament but is electrically insulated 
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Figure 2-2.—Methods of heating the cathodes in electron tubes. 
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from it. The sleeve serves as the cathode emitter and re- 
ceives its heat mostly by radiation. Both types are shown 
in figure 2-2. 

Directly heated cathodes are generally employed in 
portable equipment that is supplied from batteries. The d-c 
filaments of these tubes are so constructed that the drain on 
the filament battery will below. Indirectly heated cathodes 
would require too much power for heating purposes. Be- 
cause the filament current is steady, the heating is uniform; 
and the filament cross section is relatively small compared 
with a-c filaments. Directly heated a-c filaments require 


: relatively large cross sections to reduce the temperature 


variations that occur at twice the power frequency. When 
a-c power is available, it is common practice in receiving 
equipment to employ indirectly heated cathodes. The 
cathode in this type of tube is isolated from the a-c heater 
supply, and therefore hum occurring at the power frequency 
(or at twice the power frequency) is largely eliminated. 


PHYSICAL CHARACTERISTICS OF ELECTRON-TUBE 
MATERIALS 


The outer walls of an electron tube are constructed either 
of thin glass or metal. The larger the tube, the thicker the 
glass must be because of the greater weight of the atmos- 
phere to be sustained on the walls of the tube. The physical 
size of a tube is determined by (1) performance function, and 
(2) average designed equipment space in which the electron 
tube is to be used. 

Evacuation of air from a tube is required for two reasons— 
(1) to prevent destruction of the cathode and heating ele- 
ment by oxidation or burning, and (2) to allow the flow of 
current from cathode to plate without colliding with gas 
particles. The lightest gas particle is approximately 1,800 
times as heavy as an electron; thus a gas molecule would 
divert an electron upon impact and make the current flow 
erratic. 

High vacuum is produced by burning a small amount of 
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Magnesium or barium, known as a “getter,” inside the tube 
after it has been sealed off from the outside air and after 
most of the air has been removed with high-vacuum pumps. 
The getter is ignited by means of a high-frequency coil which 
is placed around the electron tube. The high-frequency field 
induces eddy currents in the metal within the tube. These 
eddy currents heat up a metal cap which contains a small 
charge of gun powder. This heat fires the magnesium getter 
and combines with gas left in the tube to form a silvery 
deposit on the inner walls. This deposit of magnesium 
carbonate occupies much less space than did the gas, hence 
the degree of vacuum is increased. 

The external leads from the tube are electrically welded 
to the tube elements and brought out at the bottom through 
a special glass-metal fusion to make the envelope airtight. 
In metal tubes a glass button is used at the base to afford 
electrical insulation. The materials selected for the external 
leads have nearly the same coefficient of expansion as that of 
glass. Thus during heating and cooling periods, the glass 
expands and contracts the same amount as the metal and the 
vacuum seals are maintained. 

Metal tubes are an outgrowth of the competitive field in 
tube manufacturing. They are designed to act as a shielded 
unit (the same as a glass tube with an external shield placed 
over it). However, during the period of World War II 
when metals were scarce, the GT series tubes were manufac- 
tured and found to be very satisfactory. The shield on a 
tube acts primarily to prevent the introduction of stray fields 
within the envelope where induced voltages might be ampli- 
fied many times, thus causing distortion in the output stages. 
There are a few circuits in electronic equipments where 
metal and glass tubes cannot be interchanged. Before 
making an interchange, the technician should always in- 
vestigate. 

The spacing of the electrodes in a tube is dependent on 
many factors but the two most important are (1) frequency 
utilization and (2) interelectrode voltages. 

The anode (plate) is made of materials that will not emit 
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: electrons by thermionic means at normal tube operating 
) temperatures. Metals used as plates include iron, nickel, 
carbon, and tantalum. The plate is mounted externally with 
respect to the cathode. It is electrically insulated from the 
cathode and usually surrounds it in order to receive all of 
the cathode field of emission. The plate usually has a dark 
surface to radiate the heat caused by the plate current. 
Electron tubes are identified by a number or a combination 
of numbers and letters. So many different types of tubes 
have been introduced that it has become impossible to adhere 
tigidly to the system as it was originally set up. However 
some of the ideas contained in the original system have been 
followed for many years. In the old system, the type num- 
ber is divided into four parts. First, a number consisting 
of one or more digits designates the filament or heater volt- 
age. Second, one or more letters designate the type or 
function of the tube. Third, a number designates the 
number of useful elements in the tube. Fourth, one or more 
letters designate the size or construction. For example, the 
type 6SK7 electron tube is a variable-mu pentode having a 
filament voltage of approximately 6 volts and featuring 
single-ended construction (no grid cap) and _ inter-lead 
shields. Because thousands of different types of receiving 
tubes are manufactured there are probably more exceptions 
to this system of designation than there are tubes that follow 
it completely. It is therefore desirable to refer to a tube 
manual when a tube characteristic is in question. 


DIODES 


The simple 2-element tube contains a cathode and plate. 
The plate collects electrons emitted from the cathode and 
provides a connection to the external circuit. Figure 2-3, 
A, shows a side cut-away view of a filament cathode type of 
diode and figure 2-3, B, shows a similar view of a separate 
heater type of diode. 

In a circuit the tube acts in the manner of a valve (actu- 
ally called a valve by the British instead of tube). The 
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Figure 2-3.—Cut-away of 2-element tubes. 


opening and closing of the valve occurs as the positive and 
negative voltages are applied to the tube. This effect may 
be observed by connecting the plate circuit in series with a 
battery and milliammeter and returning it to the cathode 
(fig. 2-4). The cathode is brought up to normal operating 
temperature by applying rated voltage across the heater 
terminals. If the battery is connected so that the plate is 
positive with respect to the cathode (fig. 2-4, A), the meter 
will indicate a current flow. This phenomenon, first ob- 


56 









+ 


|i 
A 


PLATE POSITIVE 


MA 





ih 
+ on 
B 
PLATE NEGATIVE 
Figure 2-4.—Action of diode. 


served by Edison, is known as the Epison errectr. If the 
battery is connected so that the plate is negative with respect 
to the cathode, the meter will indicate no plate current flow. 

The circuit current constitutes the simultaneous movement 
of electrons around the circuit with those that are moving 
within the tube from the cathode to the plate. Thus 
electrons are returned to the emitter as fast as they leave it 
and are removed from the plate as fast as they strike it so 
that neither cathode nor plate acquires a blocking charge. 
The diode functions in this way when the battery polarity 
makes the plate positive with respect to the cathode. 
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Operation 


The total number of electrons emitted by the cathode at 
& given operating temperature is always the same regardless 
of the plate voltage. The electrons in the space around the 
cathode constitute a negative space charge that constantly 
tends to repel the electrons back to the cathode as fast as 
they are being emitted. 

At low plate voltage only those electrons nearest the plate 
are attracted to it and the plate current islow. As the plate 
voltage is increased (the cathode temperature remaining 
constant), greater numbers of electrons are attracted to the 
plate and correspondingly fewer of those being emitted are 
repelled back into the cathode. 

Eventually a plate voltage (SATURATION VOLTAGE) is 
reached at which all the electrons being emitted are in 
transit to the plate and none are repelled back to the cathode. 
The corresponding value of current is called the saTURATION 
CURRENT. Any further increase in plate voltage can cause 
no further increase in the plate current flowing through the 
tube. 

The relation between the plate current in a diode and the 
plate potential for different cathode temperatures for oxide- 
coated, tungsten, and thoriated-tungsten cathodes is shown 
in figure 2-5. At high plate voltages the flow of plate cur- 
rent is practically independent of plate voltage but is a 
function of the cathode temperature. However, at lower 
values of plate voltage the plate current is controlled by the 
voltage between the plate and cathode and is substantially 
independent of the cathode temperature. 

In other words, with a fixed plate voltage, electron emis- 
sion and plate current will increase with cathode temper- 
ature until at some value of temperature the plate current is 
limited by the space charge. Thus more electrons are being 
emitted by the cathode than are being attracted by the plate. 
Continued increase of cathode temperature fails to produce 
any further increase in plate current. The temperature at 
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Figure 2-5.—Diode plate-current plate-voltage characteristic curves for 
various operating temperatures, 


which the plate current stops increasing is called the satu- 
RATION TEMPERATURE. 

The dotted portion of the characteristic curves is repre- 
sentative of tungsten and thoriated-tungsten emitters, and 
the solid curves are typical of oxide-coated emitters. It is 
unlikely that the plate current in a tube employing an oxide- 
coated emitter will ever be entirely independent of the plate 
voltage. Before the plate voltage could be increased suf- 
ficiently to produce EMISSION SATURATION it is probable 
that the cathode would be damaged seriously. 


Types 


Diodes that have been discussed thus far are of the high- 
vacuum type. There are other types of diodes that contain 
gas at a relatively low pressure. For example, hot-cathode 
mercury-vapor rectifier tubes are used extensively to pro- 
vide plate power for large transmitters. In other applica- 
tions cold-cathode diodes containing gas at low pressure are 
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used as voltage regulators, relaxation oscillators, and trans- 
mit-receive switching devices. 


Uses 


Since current can flow in only one direction through a 
diode its basic use is as a RECTIFIER. If the battery in figure 
2-4 is replaced with an alternating voltage source, current 
will flow through the load resistor in the plate lead only 
on alternate half cycles—when the plate is positive with 
respect to the cathode. This unidirectional characteristic 
of the diode is also used in principle when the tube is em- 
ployed as a DETECTOR. 


TRIODES 
Construction 


The triode, or 3-element electron tube, is similar in con- 
struction to the diode, except that a grid of fine wire is added 
between the cathode and the plate. The addition of the 
grid gives to the tube its most useful function—the ability 
to amplify. It is common practice to make the grid in the 
form of a spiral helix of circular or elliptical cross section 
with the cathode at the center. Other arrangements, how- 
ever, may be used provided the essential requirement of 
being able to control the flow of plate current is met. The 
space between the meshes is sufficiently large not to block 
the flow of electrons from cathode to plate. On the other 
hand, the grid mesh is sufficiently small and close enough 
to the cathode to control effectively the flow of plate current 
when the proper voltage is applied between the grid and 
cathode. The grid is called the contro Grip (G,) to dis- 
tinguish it from other grids that are used in multi-element 
tubes. 

The construction features of a typical triode are shown 
in figure 2-6. Electrical connections to the grid and plate 
are made through the base pins and support wires. The 
cathode sleeve is insulated from the filament and is connected 
by means of a short lead to one of the base pins. The grid is 
seen to be much closer to the cathode than to the plate. 
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Figure 2-6.—Typical triode. 


Operation 


Plate current in a given diode depends on the plate 
voltage and the cathode temperature. Plate current in a 
triode depends not only on these factors, but also on the 
grid-to-cathode voltage. A small change in grid voltage 
causes a relatively large change in plate current. The 
effective grid control of plate current is caused by its close 
proximity to the cathode and its placement in a region of the 
heaviest negative space charge. A small change in grid 
voltage will produce the same variation in plate current that 
is produced by a much larger variation in plate voltage. If 
the grid-to-cathode voltage is increased sufficiently and the 
grid is negative with respect to the cathode, plate current 
will stop flowing. The smallest voltage between grid and 
cathode, with the grid end negative, that will cut off the 
flew of plate current is called the cuTorF BIAS. 

Figure 2-7 indicates the effect on plate current of making 
the control-grid voltage progressively less negative with 
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Figure 2-7.—Effect of control-grid voltage on plate current. 
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{ respect to the cathode. When the negative bias is high 

? (cutoff or higher), as in figure 2-7, A, no plate current 
flows because the negative charge on the grid is sufficient 
to repel the electrons back toward the cathode. As the 
bias is reduced (fig. 2-7, B) more electrons pass through 
the grid spaces on their way from the cathode to the plate. 
With zero bias (fig. 2-7, C) the grid has little or no control 
on the electron flow to the plate and the triode operates 
muuch the same as a diode. As long as the grid is negative 
with respect to the cathode no grid current flows and no 
power is consumed in the grid circuit. 

If the grid is made positive with respect to the cathode 
the electrons in the space charge are accelerated toward the 
plate. Some of them, however, will be attracted to the grid, 
and grid current will flow, the amount depending on the 
magnitude of the positive charge on the grid. Power will 
then be dissipated in the grid circuit. When this power 
dissipation is undesirable, the grid bias is increased to the 
point where the peak positive a-c signal voltage will not cause 
the grid to be positive with respect to the cathode and no 
grid current will flow. 


Amplification 


The grid may be considered as an electronic control valve 
that regulates the flow of electrons through the tube and 
through the load in the plate circuit. Thus an a-c signal of 
sine waveform appearing in series with the grid bias causes 
the plate current to vary in the same manner. The varia- 
tions in plate current through the plate load are accompanied 
by corresponding variations in plate voltage. These plate 
voltage and current variations constitute the output signal 
of the stage. A relatively small variation in grid input signal 
is accompanied by a relatively large variation in output sig- 
nal. Thus the grid signal is said to be amplified in the plate 
circuit. 


Tube Characteristics 


The characteristics of electron tubes with cathode, grid, 
and plate elements involve the relation between grid voltage, 
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plate current, and plate voltage. Linear and nonlinear char- 
acteristic curves can be of either the static or the pyNAMIC 
type. Both static and dynamic characteristic curves exist 
for each electron tube. They differ in shape as well as in the 
actual values they represent. A simple explanation of the 
difference between these two types of curves is that in static 
characteristics the values are obtained with different d-c 
potentials applied between grid, cathode, and plate, and the 
results are not typical of actual circuit operation. The 
dynamic characteristics are the values obtained with both 
a-c and d—c components present as in actual operation. The 
static characteristics provide an understanding of how the 
tube itself operates and are discussed in this chapter. 

The first characteristic, which is a measure of the voltage 
amplification of which a tube is capable, is known as the 
AMPLIFICATION FACTOR, designated » (pronounced mu). It 
is the ratio of the increase in plate voltage to the increase in 
grid voltage required to produce the same change in plate 
current. An é,-e, characteristic for a triode is shown in 
figure 2-8. A value of plate voltage, e,, is selected and the 
grid voltage, e,, is adjusted to operate the tube at point A on 
the 20-ma plate-current curve which is arbitrarily selected in 
this figure. 

The value of e, is raised a specific amount, Ae,, and e, is 
made more negative by an amount, Ae,, that will hold the 
plate current constant at 20 milliamperes. The tube now 
operates at point B. The amplification factor is determined 
by the ratio of Ae, to Ae,, and is expressed as 


a Vike; 2 
= de, (i, constant) 


The minus sign indicates that the changes in plate and grid 
voltages are in opposite directions. Triodes have practical 
amplification factors of from 3 to 100. 

A second important characteristic is the VARIATIONAL, or 
a-c plate resistance, designated r,. It is the ratio, for a con- 
stant grid voltage, of a small plate voltage change, Ae,, to the 
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Figure 2-8.—Triode @p-Og curves. 


resulting small plate current change, Ai,. It is expressed in 
ohms when Ae, is in volts and Ai, is in amperes. Three 
i,-€p characteristic curves for a triode are shown in figure 
2-9. The middle curve is arbitrarily chosen and the grid 
bias of —2 volts held constant as the plate voltage is ad- 
justed to operate the tube at point A. The plate voltage 
is increased an amount Ae, so that the tube now operates at 
point B. The ratio of this small increase in plate voltage, 
Ae,, to the small increase in plate current, Ai,, which it pro- 
duces is a measure of the variational, or a-c, plate resistance. 
Thus, 

dey 


Or (e, constant) 
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A third characteristic used in describing the properties of 
electron tubes is the grid-plate transconductance, designated 
gm. It is defined as the ratio, with plate voltage held con- 
stant, of a small change in plate current to the small change 
in grid voltage that causes the change in plate current. It 
is usually expressed in micromhos. The muo is the unit of 


I 
conductivity and is the reciprocal of the ohm, or E The 
word “mho” is ‘ohm’’ spelled backward. 
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Figure 2-9.—Triode ;,-e,, curve. 


Figure 2-10 shows the i,-e, characteristics for a triode. 
In the middle curve of this figure the plate voltage is held 
constant at 200 volts and the grid voltage is adjusted so that 
the tube is operated at point A. The grid voltage is reduced 
an amount, Ae,, and the tube then operates at point B. The 
ratio of the small change in plate current, Ai,, to the small 
change in grid voltage, Ae,, indicates the transconductance— 
that is, 
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Figure 2-10.—Triode i,-eg curve. 


Ai, 
Im rH (e, constant) 


If i, is expressed in amperes and e, in volts, gm, must be multi- 
plied by 1,000,000 to express the result in micromhos. 

These tube characteristics are interrelated and depend 
primarily upon the tube structure. This relation is defined 
by the expression 

B= Gn py 


where g,, is in mhos and r, is in ohms. 


Distortion 


Figure 2-11 illustrates the effects on the output current 
curve of shifting the bias from a value that allows the tube 
to operate on the straight portion of the i,-e, characteristic 
curve to a value that forces it to operate on the nonlinear 
portion of the curve. When the operating bias is at point A 
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Figure 2-11.—Nonlinear operation due to excessive bias. 
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(—3 volts), the grid-voltage variation is within the limits 
of the straight-line portion of the characteristic curve and 
the plate current faithfully reproduces the grid-voltage 
waveform. However, if the fixed bias is increased to point B 
(—7 volts), the amplitude of the output waveform is con- 
siderably distorted. The extent of this distortion depends 
upon the actual biasing point of the tube and the extent of 
the grid-voltage swing. 

The point on the zero axis intersected by the characteristic 
curve (point C in fig. 2-11) is commonly known as the cuToFF 
point. An amplifier biased to cutoff functions much as a 
diode rectifier because only alternate half cycles are repro- 
duced in the output circuit. When an amplifier is biased well 
beyond cutoff and is driven with an excessively large input 
grid voltage, only that part of the grid-voltage waveform 
extending into the operating region of the characteristic 
curve is reproduced in the output. The input signal is thus 
distorted in the output because only a small portion is 
amplified. Other forms of distortion are treated in the 
chapters on electron-tube amplifiers. 


Interelectrode Capacitance 


Capacitance exists between any two metal surfaces sepa- 
rated by a dielectric. The amount of capacitance depends 
upon the area of the metal surfaces, the distance between 
them, and the type of dielectric. The electrodes of an 
electron tube have a similar characteristic, known as INTER- 
ELECTRODE CAPACITANCE, which is illustrated schematically 
in figure 2-12. The capacitances that exist in a triode are 
the grid-to-cathode capacitance, the grid-to-plate capaci- 
tance, and the plate-to-cathode capacitance. 

The shunting effect of the interelectrode capacitance of 
a tube is increased when the electrodes are connected to a 
circuit having grid, plate, and cathode leads of appreciable 
length. The capacitance is increased because of the increase 
in area afforded by the conducting surfaces comprising the 
circuit wiring, tube bases, sockets, and so forth. 
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Figure 2-12.—Schematic representation of interelectrode capacitance. 


At low and medium frequencies the interelectrode capaci- 
tances, as well as the distributed capacitances due to circuit 
wiring and so forth, have only a slight shunting effect because 
the reactance at these frequencies is high compared with that 
of other circuit components. 

At high frequencies the interelectrode and distributed 
capacitances cause appreciable shunting effect because of 
the reduced reactance offered at these frequencies. Also the 
grid-to-plate capacitance can feed back some of the plate- 
signal voltage in the proper phase with respect to the grid- 
signal voltage to cause undesired oscillations. The effect 
of this interelectrode capacitive feedback can be neutralized 
by introduing by means of a capacitor, a voltage of equal 
magnitude and opposite polarity from the plate to the grid 
circuit. Such an external capacitor is called a NEUTRALIZING 
CAPAcITOR. It is usually variable to permit adjustment for 
precise cancellation of the objectionable internal feedback 
voltage. 

At ultrahigh frequencies (u-h-f) interelectrode capacitance 
becomes very objectionable and prevents the use of ordinary 
electron tubes. Special u-h-f tubes are used at such operating 
frequencies. These are characterized by tube elements 
having very small physical dimensions and spaced electrodes 
that often do not terminate in conventional tube bases. 
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MULTIELEMENT TUBES 


Many desirable characteristics may be attained in electron 
tubes by the use of more than one grid. Some common 
types include teTropes which contain 4 electrodes, and 
PENTODES, which contain 5 electrodes. Others containing 
as many as 8 electrodes are available for certain applications. 


Tetrodes 


The relatively large values of interelectrode capacitances 
of the triode, particularly the plate-to-grid capacitance, 
impose a serious limitation on the tube as an amplifier at 
high frequencies. Also the relatively low amplification 
factor makes necessary many stages which accentuate the 
feedback between plate and grid. To reduce the plate-to- 
grid capacitance, a second grid called a scREEN GRID (G;) is 
inserted between the grid and plate of the tube, as shown in 


figure 2-13. 


CONTROL 
GRID 
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Figure 2-13.—Schematic diagram of a tetrode. 


Because the screen grid is shunted by a screen bypass 
capacitor, C,g, having a low reactance at the signal frequency 
it acts as a shield or screen between the plate and control 
grid. It effectively reduces the interelectrode capacitance 
coupling between the plate and control grid circuits. The 
screen is supplied with a potential somewhat less positive 
than the plate. The positive voltage on the screen grid 
accelerates the electrons moving from the cathode. Some 
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of these electrons strike the screen and produce a screen 
current which generally serves no useful purpose. The 
larger portion, however, passes through the open-mesh screen 
grid to the plate. 

Because of the presence of the screen grid, a variation in 
the plate voltage has little effect on the flow of plate current. 
The control grid, on the other hand, retains its control as in 
the triode. The tetrode has high-plate resistance and an 
amplification factor ranging up to 800. The high amplifi- 
cation factor is brought about by the close proximity of the 
control grid to the cathode and the electrical isolation of the 
plate from the control grid. The transconductance of 
tetrodes is also relatively high compared with that of 
triodes. 

A typical family of i,-e, characteristic curves of a tetrode 
is shown in figure 2-14, A. 

The negative slope of the plate characteristic at plate 
voltages lower than the screen votiage (90 v) is the result of 
SECONDARY EMISSION from the plate. This condition 
results from the fact that with the screen voltage fixed, the 
velocity with which the electrons strike the plate increases 
with plate voitage. When the electrons strike the plate 
with sufficient force, other loosely held electrons are knocked 
out of the plate material into the space between the plate 
and the screen. Because the screen is at a higher positive 
potential than the plate, these secondary electrons are 
attracted to the screen. The flow of these electrons to the 
screen is in the opposite direction to the normal flow from 
cathode to plate and the plate current is decreased. This 
reduction in plate current continues until the potential of 
the plate approaches the screen-grid potential. Further 
increase in plate voltage causes the secondary electrons to 
be pulled back to the plate and the plate current again 
increases. 

The action in the region where plate current decreases as 
plate voltage increases is called NEGATIVE RESISTANCE. This 
action is opposite to that encountered in a normal resistor. 
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Figure 2-14.—Typical ip-®p tetrode characteristic curves. 


When the tetrode is used as an amplifier, plate voltage should 
not fall below the screen voltage. If plate voltage falls 
below that of the screen, plate current will fail to follow the 
grid-signal waveform and the output-signal plate-voltage 
variation is clipped as shown in figure 2-14, B. This dis- 
tortion may be eliminated by reducing the amplitude of the 
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grid signal or increasing the B-supply voltage. However, 
the relatively large screen current and the effects of second- 
ary emission from the plate limit the usefulness of the tetrode 


as an r-f voltage amplifier. 


Pentodes 


The effects of secondary emission in the tetrode may be 
eliminated by the addition of a third grid. The pentode 
(5-element tube) includes a suppressor grid inserted between 
the screen grid and the plate for the purpose of suppressing” 
secondary emission from the plate. The 5 elements are: 
cathode, control grid (G,), screen grid (G;), suppressor grid 
(@;), and plate. Figure 2-15 is a schematic diagram of a 
pentode. 


PLATE 








SUPPRESSOR 
GRID SCREEN GRID 


CONTROL 


GRID HEATER 


CATHODE————> 
Figure 2-15.—Schematic diagram of a pentode. 


In the pentode, the suppressor grid (usually internally 
connected to the cathode) serves to repel or suppress sec- 
ondary electrons from the plate. It also serves to slow 
down the primary electrons from the cathode as they 
approach the suppressor. These actions do not interfere 
with the flow of electrons from cathode to plate but serve to 
prevent any interchange of secondary electrons between 
screen and plate. The suppressor thus eliminates the 
negative resistance effect which appears in the tetrode in 
the region where plate voltage falls below that of the screen. 
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Thus plate current rises smoothly from zero up to its satu- 
ration point as plate voltage is increased uniformly with 
grid voltage held constant. Typical pentode i,-e, character- 
istic curves are shown in figure 2-16. 


ip 5, (LOOv) 
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Eg 
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Figure 2-16.—Pentode Ip-*, characteristic curves. 


Pentodes produce an increased voltage-output signal for 
a given input-grid voltage compared with triodes. The 
amplification factor of pentodes ranges up to 1,500. The 
plate resistance and transconductance are both high. In the 
r-f pentode the chief purpose of the screen grid is to eliminate 
the effects of interelectrode capacitance coupling between 
control grid and plate circuits. In the power pentode, at 
audio frequencies, the screen permits the output signal plate 
voltage variation to be relatively large without the de- 
generative action occurring in the triode. Plate current is 
substantially independent of plate voltage in the power 
pentode since the screen voltage is the principal factor 
influencing plate current. With the addition of the sup- 
pressor the allowable output voltage variation is larger than 
that of the tetrode and the distortion effects shown in the 
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tetrode of figure 2-14, B, are eliminated. Thus an audio- 
frequency power pentode has an allowable output voltage 
variation in which the plate voltage can fall a large amount 
below that of the screen voltage on the positive half cycle of 
input signal without clipping the plate signal current. Thus 
the ratio of output power to grid driving voltage is relatively 


large. 
Beam-Power Tubes 


A beam-power tube is so named because it is constructed so 
that the electrons flow in concentrated beams from the 
cathode through the grids to the plate. The only difference 
in construction between the beam-power tube and a normal 
tetrode and pentode is that in the beam-power tube the 
spaces between the turns of the grids are lined up, and two 
beam-forming plates are added. 

The internal structure of a beam-power tube is shown in 
figure 2-17. Because the spaces between the grids are lined 
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Figure 2-17.—Internal structure of a beam-power tube. 
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up, fewer electrons strike the screen grid; therefore, screen 
grid current is lower and plate current higher than in other 
pentodes. Furthermore, when no actual suppressor is used, 
the beam-forming plates at cathode potential produce the 
desired beam effect. Secondary emission from the plate is 
then reduced because of the space charge between the screen 
grid and plate. 

The space charge results from the slowing down of the 
electrons as they pass from the high-potential screen to the 
lower potential plate. The space charge thus formed in 
front of the plate is sufficient to repel back to the plate sec- 
ondary electrons emitted as a result of the impact of primary 
electrons. This action also increases plate current and 
reduces the screen current. 

A beam-power tube that is operated at the same plate and 
screen voltages as a normal tetrode provides more power 
output for a given signal voltage with no increase in internal 
tube capacitances. 


Variable-Mu Tubes 


The amplification of a tube may be controlled by varying 
the bias voltage applied to the grid, but normally the range 
of this control is limited by the cutoff bias and the per- 
missible distortion. In receivers employing automatic 
volume control (a-v-c) in the r-f amplifier section, the 
amplification is varied over a wide range so that strong or 
weak signals may be accommodated. To permit this 
increased range of volume control, the vARIABLE-MU tube 
was developed. This tube is also known as the suPER 
CONTROL Or REMOTE CUTOFF type. 

The only difference in construction between variable-mu 
tubes and normal, or sharp cutoff tubes is in the spacing 
between the turns of the control grid. In sharp cutoff tubes 
the turns of the grid wires are equally spaced, while in remote 
cutoff types the grid turns are closely spaced at the ends and 
widely spaced in the center. The construction of variable- 
mu tubes is shown in figure 2-18, A. 

With a small bias voltage, electrons flow through all the 
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Figure 2-18.—Construction of variable-mu tubes and i,-e, curves. 
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spaces of the grid and the amplification factor is relatively 
large because of the close spacing of the end turns of the 
control grid. As the bias is increased, the electron flow is 
cut off through the narrow spaces at the ends of the grid 
structure. However, they are still able to pass through the 
relatively large spaces at the center of the grid. The 
increased bias causes a decrease in the amplification due to 
the coarser turns in the central portion of the grid. A much 
greater value of bias is required to cut off the plate-current 
flow in this type of tube. The remote-cutoff tube is so named 
because the cutoff bias value is greater than (more remote 
from) the value required to cut off plate-current flow in tubes 
of evenly spaced turns. 

Figure 2-18, B, shows the i,-e, curves for both a con- 
ventional sharp cutoff tube and a variable-mu or remote- 
cutoff tube. The cutoff bias for the normal tube is —5 
volts, and because the slope is almost constant any change 
in bias produces little change in amplification. Contrasted 
with this characteristic, the curve for the variable-mu tube 
has a pronounced change in slope as the grid bias is increased 
from —10 volts to —15 volts and a small value of plate 
current is still flowing at a bias of —25 volts. The changing 
slope of this curve indicates a variation of amplification with 
bias. Thus, if a variable-mu tube is used with a bias source 
that varies with the signal strength, the output signal can 
be made substantially independent of the input signal 
strength. Automatic-gain-control circuits employing vari- 
able-mu tubes are discussed in connection with “Receivers” 
in chapter 12. 


Multigrid Tubes 


Electron tubes may be constructed with 4, 5, or 6 grids 
(fig. 2-19) in order to obtain certain characteristics. The 
grids may be used to influence the plate-current flow by in- 
troducing additional signal voltages having different fre- 
quencies, as in pentagrid converters or pentagrid mixers used 
in superheterodyne receivers. These applications are treated 
in chapter 11. 
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Multiunit Tubes 


To reduce the number of tubes in radio circuits, the 
electrodes of two or more tubes frequently are placed within 
one envelope. Multiunit tubes generally are identified 
according to the way the individual types contained in the 
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Figure 2-19.—Schematic diagrams of multigrid tubes. 


envelope would be identified if they were made as separate 
units. Thus, a multiunit tube may be identified as a duplex- 
diode, a diode-pentode, a diode-triode-pentode, a pentagrid 
converter, and so forth. A number of multiunit tubes are 
shown in figure 2-20. 


TUBES OPERATING AT ULTRAHIGH FREQUENCIES 


As the operating frequency is increased, the capacitive 
reactance between electrodes in electron tubes decreases— 
that is, 
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At frequencies higher than 100 megacycles, the interelectrode 
capacitance of an ordinary electron tube provides a low- 
impedance path which shunts the external circuit. Also at 
these frequencies the electron transit time between cathode 
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Figure 2-20.—Schematic diagrams of multiunit tubes. 


and plate becomes appreciable. The transit time is about 
one-thousandth of a microsecond. As insignificant as this 
interval of time may seem, it nevertheless approaches and 
sometimes equals the time of one cycle of the applied signal 
and thus causes an undesirable shift in phase. 





Ordinary Tubes 


A small number of ordinary tubes can be operated at 
frequencies higher than 100 megacycles under certain critical 
operating conditions. The most suitable tubes of this type 
are triodes having low-interelectrode capacitance, close 
spacing of the electrodes to reduce transit time, a high- 
amplification factor, and a fairly low plate resistance. Be- 
cause some of these requirements are conflicting, a compro- 
mise has to be made and tubes that strike a medium between 
the conflicting values are generally selected. 


Special Ultrahigh-Frequency Tubes 


The objectionable features of ordinary electron tubes are 
minimized considerably in the construction of special u-h-f 
tubes. These tubes have very small electrodes placed close 
together, and often have no socket base. By a proportionate 
reduction in all physical dimensions of a tube, the interelec- 
trode capacitances are decreased without affecting the 
amplification factor or the transconductance. The electron 
transit time is likewise reduced. 

Acorn electron tubes (fig. 2-21) have been developed 
especially for u-h-f operation and are available as diodes, 
triodes, and r-f pentodes. These tubes are very small 
physically and have closely spaced electrodes and no base. 
The tube connections are brought out to short wire pins 
sealed in the glass envelope. Such tubes are not used exten- 
sively because of limited power capabilities. 

An enlarged version of the acorn tube, known as the poor- 
KNOB tube, can be operated at a considerably higher power 
level and at frequencies as high as 600 megacycles. 


GAS-FILLED TUBES 


In the manufacture of high-vacuum tubes, as much of the 
air as possible is removed from the envelope. In some cases 
low-vacuum tubes are designed purposely to contain a 
specific gas in place of air—usually nitrogen, neon, argon, or 
mercury vapor. 
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Figure 2-21.—Acor electron tubes. 


In a high-vacuum triode, the grid retains complete control 
of the current flowing in the tube. However, in a gas-filled 
tube the grid loses control when the tube ionizes, because of a 
sheath of positive ions that surround the grid. The plate 
current then rises rapidly to its full value. In this respect 
the gas tube acts like a snap-action switch. When the plate 
voltage falls below the deionization potential, the gas is 
deionized. 

The gas-filled tube normally has a higher plate current 
rating than a high-vacuum tube of the same physical dimen- 
sions. When ionization occurs, the tube presents a lower 
impedance to the external circuit. Several types of gas- 
filled tubes are represented in figure 2-22. The small dot 
within the circle indicates that the tube is gas-filled. 


Electrical Conduction in Gas Tubes 


In a gas-filled tube, such as the diode of figure 2-22, A, 
the electron stream from the hot cathode encounters gas 
molecules on its way to the plate. When an electron collides 
with a gas molecule the energy transmitted by the collision 


A-G TYPE D-G TYPE 
A B 
GAS DIODE NEON-GLOW LAMP 
<> 
c D 


V-R TUBE THYRATRON 
Figure 2-22.—Schematic diagrams of typical gas-filled tubes. 


may cause the molecule to release an electron. This second 
electron may then join the original stream of electrons and 
thus be capable of liberating other electrons through col- 
lision with other gas molecules. This process which is 
cumulative is a form of ionization. The molecule that has 
lost an electron is called an ron and bears a positive charge. 
The tube in its ionized condition contains molecules, ions, 
and free electrons within the envelope. The positive gas 
ions are relatively large and in the vicinity of the cathode 
they neutralize a portion of the space charge. Thus electrons 
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flow from cathode to plate with less opposition than in a 
high-vacuum tube. 

The heavier positive ions are attracted toward the negative 
cathode and while moving toward it they attract additional 
electrons from the space charge. 

The energy needed to dislodge electrons from their atomic 
orbits and to produce the ionization is supplied by the source 
which supplies the voltage between the plate and cathode. 
There is a certain voltage value for a particular gas-filled 
tube at which ionization begins. When ionization occurs 
large currents flow at relatively low voltage across the tube. 
The voltage at which ionization commences is known as 
IONIZATION POTENTIAL, STRIKING POTENTIAL, OF FIRING 
POINT. 

After ionization has started, the action maintains itself 
at a voltage considerably lower than the firing point. How- 
ever, a minimum voltage is needed to maintain ionization. 
If the voltage across the tube falls below this minimum 
value, the gas deionizes and conduction stops. The voltage 
at which current ceases to flow is known as the DEIONIZING 
POTENTIAL or the EXTINCTION POTENTIAL. The tube may 
therefore be used as an electronic switch that closes at a 
certain voltage and permits current to flow and then opens 
at some lower voltage and thus blocks the flow of current. 
Such a tube has almost infinite resistance before ionization 
and very low resistance after ionization. 


Limitations in the Use of Gas Tubes 


One limitation in the use of gas in electron tubes is the 
possibility that the tube will permit current to flow in the 
reverse direction (ARcRAcK) when the plate has a high neg- 
ative (inverse) voltage with respect to the cathode. The 
peak inverse voltage rating varies inversely with the temper- 
ature and pressure of the gas. 

A second limitation is the possibility that the cathode 
may be destroyed by positive-ion bombardment as the plate 
voltage is increased to a high value. Because the mass of 
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the ion is very much greater than that of the electron, the 
result of its impact on the cathode may be serious, especially 
if the cathode is of the oxide-coated type. If the plate 
voltage is raised to a sufficiently high value, double ioniza- 
tion (two electrons dislodged from the gas molecule) occurs 
and the resultant increased velocity of the ions caused by 
the increased positive charge may quickly damage the 
emitter surface. The solution is to keep the plate voltage 
below the double ionization potential or to use a more rugged 
emitter which unfortunately will also have a higher work 
function. 

Another limitation at high-operating frequencies is the 
possibility that arcback will occur because too many ions 
remain between the plate and cathode on the negative half 
cycle. This condition results from the fact that at high 
frequencies there is not sufficient time for the ions to be 
neutralized by the electrons before the full reverse voltage 
is applied. Because arcback causes the tube to offer a low 
resistance on both halves of the cycle, the power dissipated 
is increased and the tube will probably be destroyed. At 
high operating frequencies arcback may occur at a fairly 
low voltage and hence the tube is said to have a low INVERSE 
VOLTAGE RATING. 


Gas Diodes 


The neon-glow lamp or neon bulb (fig. 2-22, B) is a cold- 
cathode gas-filled diode. The cathode may have the same 
shape and size as the plate so that the tube can conduct in 
either direction depending only on the applied potential, or 
the structures of the cathode and plate may be such as to 
permit conduction in only one direction (fig. 2-22, C). 
Because the cathode is not heated in this type of tube no 
electrons are emitted to help in the ionization process. 
Therefore the firing potential for a neon-glow tube is higher 
than that for a tube in which a hot cathode is used, and the 
neon-glow tube is somewhat erratic in that the firing poten- 
tial varies during operation. The passage of current through 
the tube is indicated by a glow whose color depends on the 
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gases that may be mixed with the neon. The glow is on the 
negative electrode or cathode. When an alternating voltage 
is applied both electrodes are alternately surrounded with a 
glow discharge. 

A neon-glow tube placed in an r-f field of sufficient strength 
to ionize the gas in the tube will indicate the presence of such 
a field by glowing. A glow tube may also be used as a 
voltage regulator (chapter 3). Additional uses of glow tubes 
are as a source of light, as a part of a relaxation oscillator, as 
a rectifier, and to control circuit continuity in noise limiters. 

Hot cathode, mercury-vapor diodes are specially designed 
to serve as rectifiers. Tubes of this type can pass much 
higher currents than high-vacuum tubes because the ioniza- 
tion of the mercury vapor partially dispels the cathode space 
charge. Mercury vapor is formed in these tubes when the 
small amount of liquid mercury enclosed in the envelope is 
vaporized by the hot cathode. These tubes are not capable 
of supplying their rated output until the mercury is com- 
pletely vaporized. The relatively high voltage existing 
between the plate and cathode, before the tube begins to 
conduct load current, causes a large increase in the electron 
velocity. These high-velocity electrons cause the gas ions 
to acquire a higher positive charge and thus to bombard the 
cathode with a greater impact that is high enough to dis- 
integrate the emitter surface if the action is allowed to 
continue for even a short period of time. Therefore 
sufficient time must be allowed for the tube to become heated 
before the plate voltage is applied. 


Thyratrons 


A gas-filled triode (fig. 2-22, D) or tetrode in which a grid 
is used to control the firing potential is called a THYRATRON. 
The grid in this tube functions somewhat the same as that 
of an ordinary electron tube, but the resultant control action 
is entirely different. Figure 2-23 shows the grid control 
characteristics of a typical thyratron. 

Thus at a given plate voltage, for example 800 volts, the 
bias would have to be reduced from —10 volts to —8 volts 
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Figure 2-23.—Grid control characteristic of a typical thyratron. 


before the tube would begin to conduct. Likewise, at a 
plate voltage of 300 volts the tube would begin to conduct at 
a grid potential of approximately —4 volts. When conduc- 
tion starts, the grid loses control over the plate current and 
is no longer effective as a control element. To stop plate 
current flow, the plate voltage must be reduced below the 
ionizing potential. The grid operates in this manner 
because when conduction starts, positive ions are formed as a 
result of collisions and some of these ions are attracted to the 
negative grid. A positive-ion sheath is formed around the 
grid, thus destroying its effectiveness as a control element. 
Other positive ions move toward the cathode and neutralize 
the space charge. These two actions account for the fact 


that once current flow starts, the grid loses control and the 
current rises rapidly to a large value. 

Thyratrons have many practical applications in relay and 
trigger circuits. 


CATHODE-RAY TUBES 


Cathode-ray tubes are electron tubes of a special construc- 
tion that permit the visual observation of current and vol- 
tage waveforms. A discussion of their construction and 
operation is included in chapter 13. 


Electron-Ray Tubes 


The electron-ray tube, or MAGIC EYE, contains two sets of 
elements, one of which is a triode amplifier and the other a 
cathode-ray indicator. The plate of the triode section is 
internally connected to the ray-control electrode (fig. 2-24, 
A) so that as plate voltage varies with the applied signal; 
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Figure 2-24.—Electron-ray tube. 


the voltage on the ray-control electrode also varies. The 
ray-control electrode is a flat, metal strip so placed relative 
to the cathode that it deflects some of the electrons emitted 
from the cathode. The electrons that strike the anode, or 
target, cause it to fluoresce, or give off light. The deflection 
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caused by the ray-control electrode prevents electrons from 
striking part of the target; thus a wedge-shaped shadow is 
produced on the target. The size of this shadow is deter- 
mined by the voltage on the ray-control electrode. When 
this electrode is at approximately the same potential as the 
fluorescent anode, the shadow disappears. 

If the ray-control electrode is less positive than the 
anode, a shadow appears, the width of which is dependent. 
upon the voltage on the ray-control electrode. If the tube 
is calibrated, it may be used as a voltmeter when rough 
measurements will suffice. However, the principal uses of 
the magic-eye tube are as a tuning indicator, in receiving sets 
and as 4 balance indicator in bridge circuits. 

ANALYSIS OF TUBE ACTION.—The width of the shadow 
angle depends upon the relation of the voltage between the 
ray-control electrode and ground compared to the voltage 
between a point on the electric field gradient and ground in 
the vicinity of the ray-control electrode, as indicated in 
figure 2-25, A. 

With no signal applied to the grid of the triode section, 
plate current is 240 wa (fig. 2-25, B). The voltage on the 
ray-control electrode is equal to the plate supply voltage less 
the drop through the 1-megohm resistor, or 250—240=10 
volts. The electric field gradient is assumed to vary as a 
straight line starting at the cathode with zero potential and 
terminating at the anode with a potential of +250 volts 
with respect to the cathode. A point on the electric field 
gradient in the vicinity of the ray-control electrode has a 
potential of +50 volts with respect to ground. Thus the 
ray-control electrode is negative with respect to the field at 
this point by an amount equal to —(50—10), or —40 volts. 
The negative charge repels electrons and the shadow angle 
is established. 

In figure 2-25, C, a 5-volt signal is developed between 
grid and ground of the triode section of the magic-eye tube. 
The plate current is reduced to 200 ya and the potential of 
the ray-control electrode is equal to 250—200, or +50 volts 
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with respect to ground. Since the potential of a point on 
the electric field gradient in the immediate vicinity of the 
ray-control electrode is also +50 volts with respect to ground, 
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Figure 2-25.—Analysis of magic-eye tube action. 
there is no difference in potential between the control elec- 
trode and the field. Thus, the control electrode does not 


repel electrons and the shadow angle closes, indicating the 
signal voltage applied to the triode grid. 
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QUIZ 


. What are the three principal uses of electron tubes? 
. In thermionic emission, what causes the electrons to gain enough 


energy to escape from the emitter? 


. In photoelectric emission, what determines the velocity of the 


emitted electrons? 


. What is the principal advantage of tungsten emitters? 

. In what classes of tubes are thoriated-tungsten emitters used? 

. What type of emitter is used in most types of receiving tubes? 

. Why are indirectly heated cathodes seldom used in portable 


equipment? 


. Why are electron tubes generally evacuated? 
. In electron-tube operation what is the meaning of the term 


SATURATION VOLTAGE? 

At low values of plate voltage, how is plate current controlled? 
In a tube employing what type of emitter is it unlikely that the 
plate current will ever be entirely independent of the plate voltage? 
What is the basic use of diodes? 

What is the term used to describe the smallest negative grid volt- 
age (with respect to the cathode) that will stop the flow of plate 
current? 

When is power consumed in the grid circuit? 

What distinguishes dynamic from static characteristics? 

Which of the tube characteristics gives a comparison between the 
relative effect of changes in plate and grid voltage on the plate 
current? 


. Which of the tube characteristics is determined when the plate 


voltage is varied and the grid voltage is held constant? 

Give the expression for mu in terms of r, and gm. 

Which of the tube characteristics indicates directly the ratio of 
the plate current change to the initiating grid voltage change? 
What is the effect of operating an amplifier tube on the nonlinear 
portion of the i,-e, characteristic curve? 

How are interelectrode capacitances of tubes reduced? 


What is the action called when plate current in a tetrode decreases 
as plate voltage increases? 

What is the purpose of the suppressor grid in a pentode? 

In a beam-power tube, what action prevents electrons emitted 
from the plate from reaching the screen grid? 

What type of tubes is generally employed in the r-f section of radio 
receivers employing automatic volume control? 

What two factors limit the usefulness of ordinary tubes when 
operated at ultrahigh frequencies? 
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28. 


29. 


31. 
. Why must the filaments of hot-cathode mercury-vapor diodes 


33. 


34. 


Normally, how are gas-filled tubes cut off after the grid has lost 
control of the plate-current flow? ; 

What are the relative plate current and internal impedance of 
gas-filled tubes compared with high vacuum types of the same 
physical dimensions? 


. From what source (plate supply or filament supply) does the 


energy come that causes the ionization in gas-filled tubes? 
Name three limitations in the use of gas-filled tubes. 


used as rectifiers be turned on for a definite period of time before 
the plate voltage is applied? 

How does the action of the control grid in a thyratron differ from 
the grid action of a high-vacuum triode? 

What is the principal use of the electron-ray (magic-eye) tube? 


93 


CHAPTER 





POWER SUPPLIES FOR ELECTRONIC 
EQUIPMENTS 


INTRODUCTION 


The electron tubes in the various electronic equipments 
used in the Navy require voltages of various values for their 
filament, grid, screen, and plate circuits. It is the function 
of a power supply to supply these voltages at the necessary 
current ratings. Except for filament power, which may be 
alternating current, the output from a power supply must 
be nearly pure direct current, and the voltage must be of 
the correct value for the circuits of the equipment being used. 
Transmitters require more power than receivers, and conse- 
quently transmitter power sources must supply higher 
voltages with greater current ratings than receiver power 
sources. 

Power used to heat the filaments of tubes is sometimes 
called the A suppty and is normally furnished at a low 
voltage, with a relatively high current drain. In portable 
and mobile equipments filament power is furnished by 
batteries, generators, or dynamotors. In permanent land- 
based or shipboard installations filament power is obtained 
from the standard a-c line via a step-down transformer. 

The plate and screen power supply, normally called the 
B suppty, furnishes power at a relatively high voltage and 
low current. In portable equipment the plate voltage may 
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be supplied by batteries or a hand generator. Mobile sets 
may employ dynamotors or vibrators operated from bat- 
teries to generate the high voltage necessary for the plates 
and screens. Permanent installations ordinarily use a 
transformer-rectifier-filter system for the high-voltage plate 
and screen supply. 

When a separate grid-bias voltage is used, it is sometimes 
called the C suppty. In many instances grid-bias voltage 
is obtained by some means of self-bias. However, for large 
power-amplifier tubes, or where self-bias is not satisfactory, 
a separate transformer-rectifier-filter system or a d-c gen- 
erator may be employed. 

Radio power supplies may be conveniently divided into 
three general classes—battery, alternating current, and 
electromechanical systems. However, in this chapter 
primary consideration is given to obtaining the necessary 
d-c potentials from an a-c source via a transformer-rectifier- 
filter system. Dynamotors and vibrator power supplies are 
also treated briefly in this chapter; but batteries and gen- 
erators are included in basic electricity texts and hence are 
not discussed in this chapter. 


CATHODE HEATING POWER 


Directly Heated Cathodes 


When alternating current is applied to the directly heated 
cathode, careful consideration must be given to the possible 
effects of the reversing polarity of the heater voltage upon 
the output signal. Regardless of the measures taken to 
prevent it, a component of the heating current will modulate 
the space current of the tube. This component is called 
HUM because it produces a humming sound in the audio 
output of an equipment. 

In an effort to minimize this hum the following circuit 
arrangements (fig. 3-1) are utilized: (1) center-tapped 
resistor, (2) center-tapped filament transformer with separate 
bias, and (3) center-tapped transformer with cathode bias. 

It is important to return the grid and plate circuits of 
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Figure 3-1.—Filament connections for reducing hum. 


a tube to a point in the exact electrical center of the filament 
circuit, as shown in figure 3-1, A. In this figure the resist- 
ance of the resistor is high with respect to the resistance of 
the filament, so that most of the current flows through the 
filament. Tapping the resistor at its electrical center is 
essentially the same as tapping the filament at its electrical 
center. 

In figure 3-1, B, the grid return path may be traced 
through the two halves of the center-tapped filament winding 
simultaneously outward from the center tap to the two ends 
of the winding. At any instant the a-c filament voltage 
makes the grid more negative with respect to one end of the 
filament and less negative with respect to the other. The 
increases and decreases from one end of the filament to the 
other tend to cancel each other and therefore the bias 
(cathode-to-grid potential) remains the same. In figure 
3-1, C, the same action takes place except that cathode bias 
is developed across the resistor connected between center 
tap and ground. 

The magnetic field set up by the current that passes 
through the heater wires may induce a power-frequency 
hum in other tube elements by electromagnetic induction. 
The effect of this coupling can be materially reduced by using 
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twisted filament leads. The current in each wire flows in 
opposite directions and the magnetic flux fields tend to cancel 
each other. 

Even though the effects of the fundamental frequency of 
the heater current are essentially eliminated by center- 
tapping the filament, another serious problem presents 
itself—the output of the tube will contain an a-c component 
whose frequency is twice that of the fundamental. This 
condition results from the very nature of alternating current. 
The current reaches a peak value twice during each cycle— 
once during each direction of current flow. Therefore, twice 
during each cycle the filament is heated to maximum tem- 
perature and the maximum number of electrons is emitted. 
In order to minimize this effect, large heavy cathodes are 
used to provide enough thermal inertia to prevent the 
temperature of the filament from changing significantly 
with voltage alternations. 


Indirectly Heated Cathodes 


Tubes using indirectly heated cathodes do not require 
the center-tap return because the emitting element and the 
heating element are electrically insulated. However, the 
frequency of the filament voltage can be introduced into 
the electron stream by capacitive coupling. The effects of 
this coupling are minimized by operating the cathode and 
filament at or near the same potential. Capacitive coupling 
between the filament power leads and other external tube 
circuits is reduced by the proper placement of the twisted 
filament leads. 


B-VOLTAGE SUPPLIES 


The B-supply for Navy electronic equipment is generally 
obtained via a transformer-rectifier-filter system from the 
ship’s a-c bus. The voltage and phase considerations are 
dependent upon the type of ship. On ships having direct 
current as the power source, a motor-generator is generally 
utilized to supply alternating current to the electronic equip- 
ment. There are many types of low-power emergency com- 
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munications equipment that use storage batteries or dry 
batteries for power sources. Such equipments use vibrator- 
type rectifier circuits or dynamotors to convert the low d-c 
voltage into a d-c voltage sufficiently high for the plates and 
screen grids. 

Airborne equipments use dynamotors for the high-voltage 
B-supply. Inverters are also used in airborne equipments. 
An inverter utilizes a low-voltage d-c supply to operate a 
d-c motor which in turn drives an a-c generator. The a-c 
generator supplies power generally at 400 or 800 cycles. 
Electromechanical systems such as these are treated later 
in this chapter. 

If it is assumed that a suitable a-c supply is available, the 
problems involved in obtaining a suitably high d-c potential 
are as follows: (1) If the voltage is not sufficiently high, a 
step-up transformer must be provided; (2) the voltage must 
be rectified—that is, changed into pulsating direct voltage; 
(3) the ripples must be removed; and (4) some form of voltage 
regulation must be employed. Most of the remainder of this 
chapter is devoted to these problems. 


Rectifiers for Power Supplies 


The majority of rectifier systems employing electron tubes 
utilize either high-vacuum or gas-filled tubes. The high- 
vacuum diode is the most widely used in low-current applica- 
tions. The hot-cathode mercury-vapor tube is widely used 
in high-current applications. The presence of mercury vapor 
in the tube envelope reduces the vacuum and results in low 
internal resistance, thus allowing a large amount of current 
to be drawn. 

On the other hand, dry-disk rectifiers, such as selenium 
and copper-oxide rectifiers, do not employ electron tubes. 
Selenium rectifiers are sometimes used as plate-supply recti- 
fiers in small radio receivers. Copper-oxide rectifiers have 
miscellaneous applications, for example, they may be used as 
instrument rectifiers or bias-supply rectifiers. Both of these 
rectifiers have the advantage of not requiring heater current 
or warmup time. 
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HIGH-vacuuM RECTIFIERS.—A diode acts as a rectifier 
because it passes current in only one direction—that is, from 
cathode to plate when the plate is positive with respect to 
the cathode. The characteristics of diodes are discussed in 
chapter 2. The important characteristics of the high-vacuum 
rectifier tube are its maximum peak plate current and its 
maximum inverse peak plate voltage ratings. 

The peak plate current is limited by the number of electrons 
emitted by the cathode and therefore is dependent upon 
cathode construction. It is evident that current in a 
rectifier never flows for more than one-half of each a-c cycle. 
At the power frequency, the d-c output current as indicated 
by a meter is less than one-half the peak plate current. 

The peak inverse plate voltage is the peak negative voltage 
that is applied to the plate during the portion of the cycle 
when the tube is not conducting. The d-c output voltage and 
peak inverse voltage vary with the type of circuit. In gen- 
eral, the peak inverse voltage is equal to or twice the peak 
value of the d-c output voltage. 

An important factor in circuit design utilizing high-vacuum 
tubes is the voltage drop across the tube during the conducting 
half cycle. In most high-vacuum rectifiers this voltage drop 
is relatively large compared to the drop in gas-filled tubes 
and is the limiting factor in the design of high-current elec- 
tron-tube rectifiers. The drop increases with an increase 
in current and results in poor regulation for high-current 
applications. High-vacuum rectifiers are used almost uni- 
versally in receiver power supplies and also in many high- 
voltage, low-current applications. 

The types of rectifiers used in receivers are generally pro- 
vided with directly heated, oxide-coated filaments. Most of 
these rectifiers consist of two units in a single envelope be- 
cause they are generally used in pairs for full-wave operation. 
The FULL-WAVE RECTIFIER, as this type of tube is called, is 
provided with a single filament to supply both plates. Lower- 
power tubes with indirectly heated cathodes are available for 
special applications in which the cathode and heater supplies 
must be electrically isolated. 
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In addition to low-power applications, high-vacuum rec- 
tifiers for high-voltage applications have been designed to 
withstand a peak inverse voltage of 100,000 volts. Com- 
mercial units have been built to provide peak plate currents 
as high as 7.5 amperes. High-vacuum rectifiers are seldom 
used for high-voltage high-current applications except where 
inherent ruggedness outweighs the other disadvantages. The 
mercury-vapor rectifier is used in the majority of medium- 
and high-power equipments. 

MERCURY-VAPOR RECTIFIERS.—The introduction of mer- 
cury-vapor tubes to the electronics industry was one of the 
greatest single contributions to the development of high- 
powered electronic equipment. As a help in understanding 
the importance of the mercury-vapor tube, consider the fore- 
most disadvantage of high-vacuum rectifiers. As stated 
previously, the voltage drop across a high-vacuum tube 
varies with the load current; and when the current varies 
widely, the regulation is poor. The high-vacuum rectifier 
used on heavy loads has a relatively high loss and low 
efficiency. In some high-power applications a water cooling 
system is employed to carry the heat from the tube elements. 
The power loss in an electron tube is usually of the order of 
15 percent of the input power to the rectifier. In compari- 
son, the power loss in a mercury-vapor rectifier is only about 
1.5 percent of the total input. 

The greater efficiency of the mercury-vapor rectifier is a 
result of the low-voltage drop across the tube. In normal 
operation this voltage drop rarely exceeds 15 volts, even 
when the tube is operating at very high values of load 
current. The filament of the high-vacuum rectifier is sur- 
rounded by a space charge which acts as a shield to impede 
electron flow between cathode and plate. 

In a mercury-vapor rectifier, a small amount of mercury 
is introduced into the tube envelope. Because of the low 
pressure within the tube, the mercury vaporizes completely 
as the unit reaches normal operating temperature. If a 
positive potential is applied to the anode of the tube, elec- 
trons are emitted from the filament and move toward the 
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anode. Because the tube envelope is filled with mercury 
vapor, collisions occur between the moving electrons and 
the atoms of mercury. 

Each collision knocks an electron of a mercury atom away 
from the influence of the nucleus. The atom, now minus 
an electron, becomes a positive ion. This ion is then drawn 
toward the negative filament and is promptly neutralized by 
one of the electrons forming the space charge around that 
element. Ionization of mercury vapor occurs when the po- 
tential gradient between the plate and cathode is 10.4 volts. 
Any further increase in plate voltage will ionize more atoms— 
each in turn neutralizing a space electron—until the drop 
reaches 15 volts, and at that time the tube will no longer 
show a plate-voltage rise for a proportional rise in current. 
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Figure 3-2.—Current vs voltage relation in a mercury-vapor diode. 


Figure 3-2 shows graphically the i,-e, relation during ion- 
ization. This figure indicates the most useful characteristics 
of a mercury-vapor tube—THE VOLTAGE DROP ACROSS THE 
TURE REMAINS AT A CONSTANT VALUE OF 15 VOLTS REGARD- 
LESS OF THE CURRENT FLOWING THROUGH THE TURE, provided 
the rated tube current is not exceeded. On overload the 
voltage drop increases to some extent. When the tube drop 
exceeds 22 volts the filament may be damaged by excessive 
bombardment of positive ions. At potentials below 22 volts, 
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this bombardment is insufficient to cause damage to the 
filament. 

Another important characteristic of the mercury-vapor 
tube is its maximum inverse-voltage rating. This is the 
sparking voltage through the mercury. vapor in a direction 
opposite to that of normal flow and is always less than it 
would be if the vapor were not present. A mercury-vapor 
tube always has a lower flashback voltage than a high- 
vacuum tube of similar construction. Nevertheless, mer- 
cury-vapor tubes with high inverse-voltage ratings have been 
developed. For example, a mercury-vapor diode having an 
output of 10 amperes and a maximum safe peak inverse 
voltage of 22,000 volts is used extensively in broadcast- 
transmitter power supplies. 

In the practical operation of mercury-vapor rectifiers the 
vapor must reach its proper operating temperature before 
plate voltage is applied. If this precaution is not taken, the 
high voltage drop across the tube causes secondary emissiqn 
from plate to cathode, and arcback occurs. In high-vacuum 
rectifiers the only factor considered in cathode heating is the 
emission of electrons. The cathode of the mercury-vapor 
tube must not only emit free electrons for conduction, but 
must also heat the surrounding space in order for the mer- 
cury-vapor temperature to be in the range of 20° to 60° 
centigrade. The cathode construction indicated in figure 
3-3 facilitates this heating. 

The heat given off by the inner turns of the spiral filament 
is absorbed by the outer turns. Radiation from the outer 
surface is reduced by a polished shield surrounding the fila- 
ment. The plate (anode) is a metal cup fitting over the 
cathode. This arrangement reduces the tendency to arc 
back. It also shields the plate-cathode region from external 
electric fields. The graph shown in figure 3-4 plots flash- 
back voltage and tube drop against operating temperature 
(C°). Below the indicated operating range of temperatures, 
the tube drop is excessive with inherent danger of positive- 
ion bombardment. At high operating temperatures, flash- 
back potentials drop to an intolerably low value. 
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“HOT-CATHODE EMITTING STRUCTURES 
Figure 3-3.—M =rcury-vapor diodes with hot-cathode emitting structure. 
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METALLIC RECTIFIERS.—When dissimilar metals are in 
contact, electrons flow in greater numbers in one direction 
across the area of contact than in the other direction. 
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Figure 3-4.—Peak inverse voltage vs temperature. 


Metallic rectifiers operate on this principle. The two com- 
binations of substances that are most widely used for dry-disk 
rectifiers are: (1) A thin film of copper oxide (cuprous oxide) 
and copper, and (2) selenium and either iron or aluminum. 
Metallic rectifier units are represented by the symbol in 
figure 3-5, A. The arrowhead in the symbol points in the 
direction of the electron flow. 

Figure 3-5, B, indicates how a metallic rectifier may be 
used in place of a diode rectifier. The waveforms indicate 
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Figure 3-5.—Metallic rectifier symbol and waveforms. 


that much more current flows in one direction than in the 
other. Although the copper-oxide rectifier is shown, the 
selenium rectifier may be used instead. 

In the copper-oxide rectifier shown in figure 3-6, A, the 
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Figure 3-6.—Metallic rectifier construction. 
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oxide is formed on the copper by partial oxidation of the 
copper by means of a high temperature. In this type of 
rectifier the electrons flow more readily from the copper to 
the oxide than from the oxide to the copper. External 
electrical connection may be made by connecting terminal 
lugs between the left pressure plate and the copper and 
between the right pressure plate and the lead washer. 

For the rectifier to function properly, the oxide coating 
must be very thin. Thus, each individual unit can stand 
only a low inverse voltage. Rectifiers designed for moderate 
and high-power applications consist of many of these indi- 
vidual units mounted in series on a single support. The lead 
washer enables uniform pressure to be applied to the units 
so that the internal resistance may be reduced. When the 
units are connected in series, they normally present a rela- 
tively high resistance to the current flow. The resultant 
heat developed in the resistance must be removed if the 
rectifier is to operate satisfactorily. Many commercial recti- 
fiers have copper fins between each unit for the purpose of 
dissipating the excess heat. The useful life of the unit is 
extended by keeping the temperature low (below 140° F.). 
The efficiency of this type of rectifier is generally between 
60 and 70 percent. 

Selenium rectifiers function in much the same manner as 
copper-oxide rectifiers. A selenium rectifier is shown in 
figure 3-6, B. Such a rectifier is made up of an iron disk 
that is coated with a thin layer of selenium. In this type of 
rectifier the electrons flow more easily from the selenium to 
the iron than from the iron to the selenium. 

Commercial selenium rectifier units are designed to pass 
50 milliamperes per square centimeter of plate area. This 
type of rectifier may be operated at a somewhat higher tem- 
perature than a copper-oxide rectifier of similar rating. The 
efficiency is between 65 and 85 percent, depending on the 
circuit and the loading. As in the case of the copper-oxide 
rectifier, any practical number of units may be bolted 
together in series to increase the voltage rating. Larger 
element disks and the necessary cooling fins may be used 
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for higher current ratings. Also, forced-air cooling may be 
used. 

Metallic rectifiers may be used not only as half-wave 
rectifiers, as shown in figure 3-5, but also in full-wave and 
bridge circuits. In each of these applications the action of 
the metallic rectifier is similar to that of a diode. 

Metallic rectifiers may be used in battery chargers, instru- 
ment rectifiers, and many other applications including 
welding and electroplating. Commercial radios also fre- 
quently use selenium rectifiers in the high-voltage power 
supply, as do other electronic equipments. 


Rectifier Circuits 


HALF-WAVE RECTIFIER.—A half-wave rectifier is a device 
by means of which alternating current is changed into 
pulsating direct current by permitting current to flow 
through the device only during one-half of each cycle. 

In a diode, electrons are attracted to the plate when it is 
more positive than the cathode. When the plate becomes 
negative with respect to the cathode, electrons are repelled 
by it and no electron stream can flow in the tube. Therefore, 
a single diode may be used as a half-wave rectifier because 
electrons can flow in the tube during only the half of the 
cycle when the plate is positive relative to the cathode. 

Figure 3-7, A, shows a simple half-wave rectifier circuit. 
The primary winding of the transformer is shown connected 
to an a-c input source. The principal action of the trans- 
former is to increase the voltage from 115 volts to a higher 
value in the main secondary winding. The action of the 
small secondary winding at the top of figure 3-7, A, steps 
down the 115 volts to a suitably lower voltage. It supplies 
heater current to the filament of the rectifier tube. The 
actual connections of this winding are not shown in the 
figure, but are indicated by the symbol XX. 

The upper end of -the high-voltage secondary winding is 
connected to the plate of the diode and the other end is 
connected to a junction with ground and a load resistance 
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represented by the resistor, 2. The load resistor is connected 
to the cathode and is in series with the tube. 

The operation of the circuit is illustrated by the waveforms 
at the right of figure 3-7. The alternations of the input 
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voltage, e,, are reproduced by the transformer witb an in- 
crease in voltage, é:, in the secondary winding. The wave- 
forms indicate a 180° difference in phase between e, and é. 
This difference is characteristic of induced voltages. The 
induced secondary voltage, ¢2, is impressed across the diode 
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and its series load resistance. This voltage causes current i 
to flow through the diode and its series resistor on the posi- 
tive half cycles (when the plate is positive). The resultant 
output voltage, es, across the load has a pulsating waveform, 
as shown in the figure. This pulsating waveform is called a 
RIPPLE VOLTAGE. 

When point 2 is positive and point 1 is negative, electrons 
flow from the ground junction (1), through the load resistor 
(R), to the cathode, to the plate, and thus to the upper 
terminal (2) of the transformer. The secondary winding 
thus acts as the immediate source of voltage for the current 
flow. 

Because current flows in only one direction (point 1 to 
point 2) through the diode and its load, the polarity of the 
load resistance is always as shown. The fact that the 
positive point of the load resistance is connected to the 
cathode of the tube may be confusing when the cathode is 
thought of as being the negative element of the tube. How- 
ever, the only requirement necessary for conduction is that 
the plate be more positive than the cathode. The cathode 
can be positive with respect to other points in the circuit. 
‘The voltage drop across the tube is usually quite small when 
compared with that across the load resistance. 

The load is connected to the cathode as shown rather than 
in the plate circuit to enable the use of a common ground 
for the negative side of the load and transformer winding, 
with ground continuity maintained throughout the entire 
input cycle. 

The half-wave rectifier utilizes the transformer during only 
one-half of the cycle, and therefore for a given size of trans- 
former less power can be developed in the load than could be 
developed if the transformer were utilized on both halves of 
the cycle. In other words, if any considerable amount of 
power is to be developed in the load the half-wave trans- 
former must be relatively large compared with what it would 
have to be if both halves of the cycle were utilized. This 
disadvantage limits the use of the half-wave rectifier to 
applications that require a very smal] current drain. The 
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half-wave rectifier is widely used for commercial a-c d-c 
radio receivers and for the accelerating voltage supplies of 
oscilloscopes. 

For a half-wave rectifier (assuming half sine waves, as 
shown) the rms voltage, Z, in the tube is 


—&maxX0.707, 


e 2 


and the average voltage (fig. 3-7, B) is 


_ Cmax X 0.636 
Eyas 








The rms and average output currents are determined in the 
same way. 

Because the d-c load current flows through the transformer 
secondary in only one direction, there is a tendency for the 
molecules in the iron core to become oriented in one direction. 
This effect is called p-c conE SATURATION and reduces the 
effective inductance of the transformer. The net effective 
inductance with the d-c core saturation effect present is 
known a8 TRANSFORMER INCREMENTAL INDUCTANCE. Thus, 
the transformer incremental inductance is reduced with 
increasing d-c load current. The resultant effect is to de- 
crease the primary counter emf to a greater degree and thus 
increase the load component of primary current corre- 
spondingly. Therefore, the efficiency of the transformer is 
reduced and the regulation is impaired. The output is far 
from being a continuous d-c voltage and current and for these 
reasons the half-wave rectifier circuit is seldom used for high 
current loads. 

FuLL-WAVE RECTIFIER.—A full-wave rectifier is a device 
that has two or more elements so arranged that the current 
output flows in the same direction during each half-cycle of 
the a-c supply. 

Full-wave rectification may be accomplished by using two 
diodes in the same envelope (a dual diode) with a common 
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cathode connected to one end of the load resistance, as shown 
in figure 3-8, A. The other end of the load resistor is con- 
nected to the center tap, C, of the transformer secondary. 
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Figure 3-8.—Simple full-wave circuit and waveforms. 
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The two halves of the secondary winding AC and BC may 
be a center-tapped winding as shown, or they may be separate 
windings. In either case the load circuit is returned to a 
point midway in potential between A and B so that the 
load current is divided equally between the two tubes. 

That part of the secondary winding between A and C may 
be considered a voltage source that produces a voltage of the 
shape shown at @ in figure 3-8, A. This voltage is impressed 
across the plate to cathode of V1 in series with load resistor 
R. During the half-cycle, marked t,, the plate of V1 is 
positive with respect to its cathode. Therefore, electrons 
flow in the direction indicated by the solid arrows. This 
flow of electrons from ground up through load resistor R 
makes the cathode positive with respect to ground. Thus 
the load voltage is developed across R between cathode and 
ground. During this same half-cycle the voltage across BC 
is negative, as shown at @) in figure 3-8, A, and the plate of 
V2 is negative with respect to the cathode. Thus during 
the time V1 conducts, V2 is nonconducting. A half-cycle 
later, during interval t,, the polarity of the voltages on the 
plates of the two tubes is reversed. V2 now conducts, and 
V1 is nonconducting. The electron flow through V2 is in 
the direction indicated by the dotted arrows. This current 
also flows from ground up through R and makes the cathode 
positive with respect to ground. Thus another half-cycle 
of load voltage is developed across R. A study of the figure 
shows that only one section of the twin diode is conducting 
at any given instant. 

Because there are two pulsations of current in the output 
for each cycle of the applied alternating voltage, the full- 
wave rectifier utilizes the power-supply transformer for a 
greater percentage of the input cycle. Hence, the full-wave 
rectifier is more efficient than the half-wave rectifier, has less 
ripple effect, and may be used for a much wider variety of 
applications. 

For a full-wave rectifier (having sine waves, as shown) the 
rms output voltage, Z, across the load is 

E= wax X0.707, 
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and the average voltage (shown in fig. 3-8, B) is 
Euy=max X 0.636. 

The rms and average output currents are similarly deter- 

mined. In the case of both the half-wave and the full-wave 

rectifier no filtering is assumed in computing the rms and 

average values. 

The d-c load current flows equally through the two halves 
of the transformer secondary and in opposite directions. 
Thus the ampere turns are equal and act in opposite di- 
rections so that there is no tendency to orient the molecules 
of the iron core in any one direction. Therefore the trans- 
former inductance is not reduced as it is in the half-wave 
rectifier and both the voltage regulation and efficiency are 
improved. The full-wave rectifier is used widely in radio 
transmitters and receivers. 

Brivce rectirier.—If four rectifiers are connected as 
shown in figure 3-9, A, the circuit is called a BRIDGE RECTI- 
Fier. The input (waveform @) to such a circuit is applied. 
to diagonally opposite corners of the network, and the out- 
put is taken from the remaining two corners. 

During one-half cycle of the applied alternating voltage 
point A becomes positive with respect to point B by the 
amount of the voltage induced in the secondary of the trans- 
former. During this time, the voltage across AB may be 
considered to be impressed across a load consisting of V1, 
load resistor R, and V3 in series. The voltage applied across 
these tubes makes their plates more positive than their 
cathodes, and electrons flow in the path indicated by solid 
arrows. The waveform of this current is shown at @ and 
@®. One-half cycle later, V1 and V3 are nonconducting, 
and an electron stream flows through V4, R, and V2 in the 
direction indicated by the dotted arrows. The waveform of 
this current is shown at © and ©. The current through 
the load, R, is always in the same direction. As this current 
flows through R it developes a voltage having the waveform 
shown at ©. The bridge rectifier is a full-wave rectifier 
because current flows in the load during both halves of each 
cycle of applied alternating voltage. 
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One advantage of a bridge rectifier over a conventional 
full-wave rectifier is that with a given transformer the bridge 
circuit produces a voltage output nearly twice that of the 
full-wave circuit. This increase in voltage may be illustrated 
by assigning values to some of the components in figure 3-8, 
A, and 3-9. Assume that the same transformer is used in 





deta oben 
Figure 3-9.—Bridge-rectifier circuit. 
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both figures. Note that the center tap is not used in the 
bridge circuit. The peak voltage developed between A and 
B is assumed to be 1,000 volts in both figures. In the full- 
wave circuit in figure 3-8, A, the peak voltage from the 
center tap, C, to either A or B is 500 volts. Because only 
V1 or V2 is conducting at any instant, the maximum voltage 
that can be rectified at any instant is 500 volts. Therefore, 
the maximum voltage that can be developed across the load 
resistor, R, is 500 volts, less the small voltage drop across 
the tube that is conducting. In the bridge circuit of figure 
3-9, however, the maximum voltage that can be rectified is 
the full voltage of the secondary of the transformer, or in 
this case 1,000 volts. Therefore, the voltage that can be 
developed across the load resistor, R, is 1,000 volts less the 
voltage drop across the two tubes that are conducting. 
Thus, the full-wave bridge circuit produces a higher output 
voltage than the conventional full-wave rectifier does with 
the same transformer. 

A second advantage of the bridge circuit is that the peak 
inverse voltage across a tube is only half the peak inverse 
voltage impressed on a tube in a conventional full-wave recti- 
fier that is designed for the same output voltage. For 
example, if the two circuits are to produce the same output 
voltage, the transformer secondary in the full-wave rectifier 
(fig. 3-8, A) has a 2,000-volt peak developed across it, 
while that for the bridge rectifier (fig. 3-9) has only a 
1,000-volt peak. When V1 in figure 3-8, A, is not conduct- 
ing, its plate is made negative relative to its cathode by a 
maximum voltage of 2,000 volts. The same is true for V2. 
This negative voltage is called the PEAK INVERSE VOLTAGE, 
which is a stress that tends to cause breakdown within the 
tube. In figure 3-9, however, when tubes V1 and V3 or 
V2 and V4 are not conducting, the peak inverse voltage 
for any one tube is then 1,000 volts, which is half of the 
peak inverse voltage across either tube in figure 3-8, A. 

The bridge rectifier circuit has a disadvantage in that 
three filament transformers are required for the tubes. In 
the actual circuit in figure 3-9, B, the filament transformer 
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connections of V2 and V3 are operated at the same relative 
potential and therefore may be connected to the same 
filament winding. 

The filaments of V1 and V4, however, are returned to 
opposite ends of the high-voltage secondary of the power- 
supply transformer and therefore operate at the full potential 
difference that exists across the load. Thus if the filaments 
of V1 and V4 were supplied by a single filament transformer 
winding, the common connection would short-circuit the load. 
Therefore, the filament windings of V1 and V4 must be 
insulated from each other to withstand the full output voltage 
across the load. If the lower end of the load, R, is grounded, 
filament windings for V1 and V4 operate alternately at the 
full difference of potential of the high-voltage secondary with 
respect to ground. Thus V1 and V4 must be well insulated 
from ground also. 

This disadvantage does not apply to the rectifier elements 
of the dry-disk type which is often used in bridge circuits. 


Filter Circuits 


The preceding paragraphs have discussed means of con- 
verting alternating current into pulsating direct current. 
Most electronic equipments require a smooth d-c supply, 
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Figure 3-10.—Unfiltered output voltage of a full-wave rectifier. 


approaching the ripple-free output of a battery. Conversion 
of pulsating direct current to pure direct current is accom- 
plished by the use of properly designed filters. 

The unfiltered output of a full-wave rectifier is shown in 
figure 3-10. The polarity of the output voltage does not 
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reverse, but its magnitude fluctuates about an average value 
as the successive pulses of energy are delivered to the load. 
In figure 3-10, the average voltage is shown as the line that 
divides the waveform so that area A equals area B. The 
fluctuation of voltage above and below this average value is 
called r1ppLe. The frequency of the main component of the 
tipple for the full-wave rectifier shown in figure 3-10 is twice 
the frequency of the voltage that is being rectified. In the 
case of the half-wave rectifier the ripple has the same fre- 
quency as the input alternating voltage. Thus, if the 
input voltage is obtained from a 60-cps source, the main 
component of ripple in the output of a half-wave rectifier is 
60 cycles per second, and in the full-wave rectifier it is 120 
cycles per second. 

The output of any rectifier is composed of a direct voltage 
and an alternating or ripple voltage. For most applications, 
the ripple voltage must be reduced to a very low amplitude. 
The amount of ripple that can be tolerated varies with 
different applications of electron tubes. 

The PERCENTAGE OF RIPPLE is 100 times the ratio of the 
rms value of the ripple voltage at the output of a rectifier 
or filter to the average value, E,, of the total output voltage. 
Figure 3-11 indicates graphically how the percentage of 
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Figure 3-11.—Percentage of ripple. 
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ripple may be determined. It is assumed that the ripple 
voltage is of sine waveform. The formula for determining 
the percentage of ripple is 





percentage of ripple= 4 100, 


where Eyms=0.707 of €,, and é, is the peak value of the ripple 
voltage. 

A circuit that eliminates the ripple voltage from the 
rectifier output is called a FILTER. Filter systems in general 
are composed of a combination of capacitors, inductors, and 
in some cases resistors. 

CAPACITANCE FILTER.—Ripple voltage exists because 
energy is supplied in pulses to the load by the rectifier. The 
fluctuations can be reduced considerably if some energy can 
be stored in a capacitor while the rectifier is delivering its 
pulse and allowed to discharge from the capacitor between 
pulses. , 

Figure 3-12, A, shows the output of a half-wave rectifier. 
This pulsating voltage is applied across a filter capacitor 
(C in fig. 3-12, B) to supply the load, R. Because the rate 
of charge of C is limited only by the reactance of the trans- 
former secondary and the plate resistance of the tube in the 
rectifier, the voltage across the capacitor can rise nearly as 
fast as the half-sine-wave voltage output from the rectifier. 
In other words, the RC charge time is relatively short. The 
capacitor, C, therefore, is charged to the peak voltage of the 
rectifier within a few cycles. The charge on the capacitor 
represents a storage of energy. When the rectifier output 
drops to zero, the voltage across the capacitor does not fall 
immediately. Instead, the energy stored in the capacitor is 
discharged through the load during the time that the rectifier 
is not supplying energy (when the anode is negative). The 
voltage across the capacitor (and the load) falls off very 
slowly if it is assumed that a large capacitance and a rela- 

tively large value of load resistance are employed. In other 
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words, the RC discharge time is relatively long. The ampli- 
tude of the ripple therefore is greatly decreased, as may be 
seen in figure 3-12, C. 

Figure 3-12, D, shows the input voltage to the filter when 
a full-wave rectifier is used, and figure 3-12, E, shows the 
resultant output-voltage waveform. 

After the capacitor has been charged (with either half- 
wave or full-wave input), the rectifier does not begin to pass 
current until the output voltage of the rectifier exceeds the 
voltage across the capacitor. Thus, in figure 3-12, C and 
E, current begins to flow in the rectifier when the rectifier 
output reaches a voltage equal to the capacitor voltage. 
This occurs at some time, ¢,, when the rectifier output volt- 
age has a magnitude E;. Current continues to flow in the 
rectifier until slightly after the peak of the half-sine wave, 
at time &%. At this time the sine-wave voltage is falling 
faster than the capacitor can discharge. A short pulse of 
current, beginning at ¢, and ending at &, is therefore supplied 
to the capacitor by the power source. 

The average voltage of the rectifier output is shown in 
figure 3-12, A and D. Because the capacitor absorbs 
energy during the pulse and delivers this energy to the load 
between pulses, the output voltage can never fall to zero. 
Hence, the average voltage of the filtered output (fig. 3-12, 
C and E) is greater than that of the unfiltered input (fig. 
3-12, A and D). However, if the resistance of the load is 
small, a heavy current is drawn by the load and the average 
or direct voltage falls. For this reason, the simple capacitor 
filter is not used with rectifiers that must supply a large 
load current. Also the input capacitor acts like a short 
circuit across the rectifier while the capacitor is charging. 
Because of this high peaked load on the rectifier tubes, the 
capacitor input filter is seldom used with gas tubes in high- 
current installations. 

INDUCTANCE FILTER.— Because an inductor resists changes 
in the magnitude of the current flowing through it, an in- 
ductor can be placed in series with the rectifier output to 
help prevent abrupt changes in the magnitude of the current. 
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An inductance-type filter together with its input and out- 
put waveforms is shown in figure 3-13. The input wave- 
forms from @ half-wave and a full-wave rectifier are shown 
respectively in figure 3-13, Aand B. Figure 3-13, C, shows 
the inductance-type filter, and figure 3-13, D and E, shows 
the output current for the half-wave and full-wave input 
respectively. When no inductor is used in series with R, 
the output current waveforms are indicated by dotted lines. 
The solid lines indicate the output-current waveforms when 
an inductor is used. The use of an inductor prevents the 
current from building up or dying down quickly. If the 
inductance is made large enough, the current becomes 
nearly constant. 

The inductance prevents the current from ever reaching 
the peak value that it reached without the inductance. 
Consequently, the output voltage never reaches the peak 
value of the applied sine wave. Thus, a rectifier whose 
output is filtered by an inductor cannot produce as high a 
voltage as can one whose output is filtered by a capacitor. 
However, this disadvantage is partly compensated because 
the inductance filter permits a larger current drain without 
a serious change in output voltage. 

PI-SECTION FILTER.—The ripple voltage present in a 
rectifier output cannot be eliminated adequately in many 
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Figure 3-13.—inductance-type filter and waveforms. 
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cases by either the simple capacitor or inductor filter. 
Filters that are much more effective can be made if both 
inductors and capacitors are used. The function of the 
capacitor is to store and release energy, while the inductors 
simultaneously tend to prevent change in the magnitude 
of the current. The result of these two actions is to remove 
the ripple from the rectifier output and to produce a voltage 
having a nearly constant magnitude. 

Figure 3-14 shows a circuit diagram of an inductance- 
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capacitance filter used primarily with receiver power sup- 
plies and other low-current power supplies. 

This type of filter is given the name PI-sEcTION because 
the configuration of the schematic diagram resembles the 
Greek letter x. It is also called a CAPACITOR INPUT FILTER. 
With this type of filter the output waveform closely approxi- 
mates that of pure direct current. The first (input) capacitor 
acts to bypass the greatest portion of the ripple component 
to ground. In all filters the major portion of the filtering 
action is accomplished in this first component. The series 
choke in the pi-section filter serves to maintain the current 
at a nearly constant level during the charging and discharging 
cycles of the input capacitor. 

At the bottom of figure 3-14 are shown the waveforms of 
current through V1 and V2 and the voltage across Cl. The 
final capacitor, C2, acts to bypass residual fluctuations exist- 
ing after filtering by the input capacitor and inductor. The 
current flow through the rectifier tubes is a series of sharp 
peaked pulses, because the input capacitor acts like a short 
circuit across the rectifier while the capacitor is charging. 
Because of this high peaked load on the rectifier tubes, the 
pi-section filter is used only in low-current installations such 
as radio receivers. 

L-sEcTION FILTER.—A second type of filter used primarily 
in high-current applications is the L-section filter, so named 
because of its resemblance to an inverted “L’’. A schematic 
diagram of this type of filter is shown in figure 3-15. The 
components perform the same functions as in the pi-section 
filter except that the inductor, or choke, input reduces the 
voltage output of the filter. This filter is also called a cHoKE 
INPUT FILTER. The input choke allows a continuous flow of 
current from the rectifier tubes rather than the pulsating 
current flow demanded by the capacitor input filter. The 
L-section filter is seldom used with half-wave rectifiers be- 
cause there is no device to maintain current flow between 
half cycles. 

Because of the uniform flow of current, the L-section filter 
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has applications in most high-power circuits, and is used with 
mercury-vapor tectifiers. It has the additional advantage 
of better voltage regulation. The inductive reactance of the 
choke reduces the ripple voltage without reducing the d-c 
output voltage. 

Because the L-section filter is widely used in naval elec- 
tronic equipment, the factors affecting the design of these 
filters are important to the electronics technician. As has 
been mentioned, this type of filter is generally used where 
high currents are required. In this respect, its advantage 
lies in the fact that it allows each rectifier tube to operate at 
a relatively constant level of current flow during its half-cycle 
of operation. This type of operation allows a rectifier to 
supply the maximum current to the load that it is capable 
of delivering. A disadvantage of the L-section filter is that 
instead of delivering a voltage equal to the peak value of the 
transformer secondary, it supplies a voltage equal to the 
AVERAGE of the a-c voltage delivered to the rectifier. 

Two L-section filters are sometimes used in series to obtain 
a higher degree of filtering action. 

VOLTAGE REGULATION.—The output voltage developed by 
any source of power tends to decrease when current is drawn 
from the source. The amount of change in the output volt- 
age is usually expressed by a quantity called the PERCENTAGE 
OF VOLTAGE REGULATION. 

The formula for the percentage of regulation is 


Ex.—Evpn 


En, 100, 


percentage of voltage regulation= 
where Fy; is the no-load voltage, and Ep, is the output volt- 
age when full-load current is flowing out of the supply. For 
example, assume the no-load voltage of a certain power sup- 
ply to be 300 volts and the voltage at the output terminals 
to be 250 volts when the load resistance is applied and load 
current begins to flow. Substituting these values in this 
formula gives 
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percentage of 950 


voltage regulation= 359 <100=20 percent. 


The difference between the no-load voltage and the full- 
load voltage is caused by the flow of load current through the 
internal resistance of the power supply. The JR drop caused 
by the load current within the supply circuit is subtracted 
from the voltage available for the load resistance at the out- 
put terminals. A perfect power supply would have zero 
internal impedance and the percentage of regulation would be 
zero. Such a supply would provide the same voltage under 
full-load that it develops with no-load current flowing. In 
general, the lower the percentage of regulation, the better is 
the power supply in furnishing direct voltage and direct 
current for electronic equipment. 

The regulation of the choke-input filter circuit is superior 
to that of the capacitor-input circuit as long as current is 
flowing in the filter choke. In this condition the output 
voltage changes very little when the load current changes in 
value. If, however, the load current should become zero, 
the choke coil can no longer prevent the first capacitor in the 
filter from charging to a value equal to the peak value of 
the applied voltage. 

If the load current is a low value, or if it varies between 
a low value and zero, the regulation of the circuit is poorer 
than when larger currents are being drawn by the load. In 
order to improve the regulation of the choke-input filter, a 
resistor is often connected across the output terminals so 
that at least a minimum current will always flow through 
the choke. 


Voltage Regulators 


Most electronic gear used in the Navy can operate satis- 
factorily with a certain amount of variation in the supply 
voltage without suffering severe operational deficiency. 
However, some circuits are very critical and even a slight 
deviation from the normal supply voltage will cause unsatis- 
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factory operation. These circuits require the use of some 
type of voltage-regulating device. 

A voltage-regulating device may be inserted in the circuit 
at one of two points—either between the rectifier and its 
load or at the power source that supplies electrical energy 
to tie rectifier. The regulators that are used within a power 
supply are generally electronic and those affecting the power 
source itself (for example, the generator) are generally 
mechanical. Mechanical voltage regulators are treated in 
basic electricity texts. 

FUNDAMENTAL VOLTAGE REGULATOR.—The regulator that 
is used to stabilize the output voltage of a rectifier usually 
takes the form of a variable resistance in series with the out- 
put. This variable resistance and the load resistance form 
a voltage divider. The variable element is controlled so 
that the voltage across the load is held constant. 

Figure 3-16 shows a simple circuit that demonstrates this 
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Figure 3-16.—Fundamental voltage regulator. 


principle. The variable resistor, R, and the resistance of 
the load comprise a voltage divider that is connected across 
the rectifier output terminals. All the load current passes 
through F and causes a voltage drop across it. If the recti- 
fier output voltage rises, the voltage across the load rises in 
proportion. To counteract this rise, the resistance of FR is 
increased (manually) so that a greater proportion of the 
available voltage appears across R. The voltage across the 
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load therefore is held constant if the resistance of F is in- 
creased sufficiently to neutralize the increase of the rectifier 
output. If the resistance of the load increases, a greater 
fraction of the available voltage appears across the load. 
Therefore, the resistance of R must be increased in order to 
hold the voltage across the load constant. 

In the system shown in figure 3-16, the resistor, R, must 
be varied manually in order to keep the voltmeter reading 
constant. If the voltmeter reading increases, R must be in- 
creased; if the voltmeter reading decreases, R must be de- 
creased. This same type of action must take place in all of 
the voltage regulators that are to be discussed, but the action 
is automatic. The more complicated circuits that follow 
are more desirable than the simpler circuits because they are 
more accurate and can respond more quickly. 

All the voltage regulators discussed in this chapter are 
essentially voltage dividers. The variable voltage drop may 
be supplied in many ways, but the action of most of the 
circuits may be explained in terms of the fundamental cir- 
cuit shown in figure 3-16. 

AMPERITE VOLTAGE REGULATOR.—A regulator tube that 
consists of an iron wire enclosed in a hydrogen-filled envelope 
is called an AMPERITE TUBE OF BALLAST TUBE. 

An amperite regulator circuit is shown in figure 3-17. 
The resistance of the iron wire in the ballast tube varies as 
the current through it changes. If the output voltage tends 
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Figure 3-17.—Amperite regulator circuit. 
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to increase, more current flows through the ballast tube. 
The resistance of the tube then increases and more of the 
voltage drop takes place across the tube. Therefore, the 
voltage across the load remains nearly constant. 

The amperite regulator does not regulate the voltage if 
the load changes. If the load increases, more current is 
drawn from the power supply and the load voltage falls. In 
addition, the greater current drawn causes the resistance of 
the amperite to increase, and the load voltage is made even 
lower by this additional drop. 

Although the ballast tube may be used to compensate for 
line voltage variations it is generally inserted in series with 
several additional elements through which it is desired to 
maintain a constant current. In such applications, the 
resistance of the ballast tube changes to counteract the effect 
of changing voltage across the circuit. 

GLow-TUBE VOLTAGE REGULATOR.—In a glow-discharge 
tube, such as the neon glow tube, the voltage across the tube 
remains constant over a fairly wide range of current through 
the tube. This property exists because the degree of ioniza- 
tion of the gas in the tube varies with the amount of current 
that the tube conducts. When a large current is passed, the 
gas is very highly ionized and the internal impedance of the 
tube is low. When a small current is passed, the gas is 
lightly ionized and the internal impedance of the tube is 
high. Over the operating range of the tube, the product of 
the current through the tube and the internal impedance of 
the tube is practically constant. 

A simple glow-tube regulator is shown in figure 3-18, A. 
The load current and the current that flows in the neon glow 
tube both pass through the series resistor, R. If the supply 
voltage drops, the voltage across the neon tube tends to drop. 
Therefore, the gas in the neon tube deionizes slightly and less 
current passes through the tube. The current through R is 
decreased by the amount of the current decrease in the tube. 
Because the current through R is less, the voltage drop across 
Ris less. If the resistor is of the proper value relative to the 
load and to the glow tube that is used, the voltage across the 
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load is held fairly constant. In any case, the value of R must 
not be so large that the neon tube fails to ionize. 

Glow tubes are designed to operate at various useful values 
of voltage. These values are usually indicated in the tube- 


type number. 
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Figure 3-18.—Glow-tube regulators. 


When a regulated voltage in excess of the maximum rating 
of one glow tube is required, two or more tubes may be 
connected in series, as in figure 3-18, B. This arrangement 
permits several regulated voltages with small current drains 
to be obtained from a single rectifier power supply. 

ELECTRON-TUBE VOLTAGE REGULATOR.—An electron tube 
may be considered as a variable resistance. When the tube is 
passing a direct current, this resistance is simply the plate-to- 
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cathode voltage divided by the current through the tube and 
is called the d-c plate resistance, r,, For a given plate 
voltage, the value of r, depends upon the tube current, and 
the tube current depends upon the grid bias 

The variable resistor, R, of figure 3-16 can be replaced by 
an electron tube (fig. 3-19, A), because the electron tube 
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Figure 3-19.—Electron-tube voltage regulator. 


has a variable resistance. The effective resistance of V1 is 
established initially by the bias on the tube. Assume that 
the voltage across the load is at the desired value. Then the 
cathode is positive with respect to ground by some voltage, 
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E,. The grid can be made positive relative to ground by a 
voltage, Zz, that is less than E,. The potentiometer, R2, is 
adjusted until the bias (grid-to-cathode voltage), which is 
E,—E,, is sufficient to allow V1 to pass a current equal to 
the desired load current. With this bias, the resistance of V1 
is established at the proper value to reduce the rectifier out- 
put voltage to the desired load voltage. 

If the rectifier output voltage increases, the voltage at the 
cathode of V1 tends to increase. As EF, increases, the 
negative bias on the tube increases and the effective plate 
resistance of the tube becomes greater. Consequently, the 
voltage drop across V1 increases with the rise in input vol- 
tage. If the circuit is properly designed, the increased 
voltage drop across V1 is approximately equal to the in- 
crease in voltage at the input to the regulator. Thus the 
load voltage remains essentially constant 

The resistor, R1, is used to limit the grid current. This 
is necessary in this particular circuit because the battery is 
not disconnected when the power is turned off. However, 
the battery can be eliminated from the circuit by the use of a 
glow tube, V2, in figure 3-19, B, to supply a fixed bias for the 
grid of the tube. The action of the circuit is the same as the 
action of the circuit in figure 3-19, A. 

The output voltage of the simple voltage regulators shown 
in figure 3-19 cannot remain absolutely constant. As the 
rectifier output voltage increases, the voltages on the cathode 
of V1 must rise slightly-if the regulator is to function. 

The voltage regulators shown in figure 3-19 compensate not 
only for changes in the output voltage from the rectifier, but 
also for changes in the load. For example, in figure 3-19, 
B, if the load resistance decreases, the load current will 
increase. The load voltage will tend to fall because of the 
increased drop across V1. The decrease in load voltage is 
accompanied by a decrease in bias voltage on V1. The bias 
voltage on V1 is equal to H,— Ey. Thus, the effective resist- 
ance of V1 is reduced at the same time the load current is 
increased. The JR drop across V1 increases only a slight 
amount because RF decreases about as much as J increases. 
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Therefore, the tendency for the load voltage to drop when the 
load is increased is checked by the decrease in effective 
resistance of the series triode 

IMPROVED VOLTAGE REGULATOR.—A very stable voltage 
regulator (more stable than those shown in fig. 3-19) can be 
designed by taking advantage of the high amplification 
possible with a pentode. A voltage regulator employing this 
type of tube is shown in figure 3-20. It produces an output 
that is independent of fluctuations in the a-c supply and 
changes in load over a wide range. 






FILTERED OUTPUT 

VOLTAGE FROW 

RECTIFIER ee! R4 VOLTAGE 
ourpur 


Figure 3-20.—Improved voltage regulator. 


The output voltage of this regulator is developed across 
bleeder resistors 23, 224, and R5 in parallel with the resistance 
of the load. These resistors make up the resistance of one 
part of the total voltage divider. The other resistance, 
through which all of the load current must flow, is the 
cathode-to-plate effective resistance of V1. The other 
elements of the circuit are used to control the resistance of 
V1 and thereby to maintain a constant voltage across the 
load. 

The potential of the cathode of V2 is held at a constant 
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positive value with respect to ground by the glow tube, V3. 
In other words, current flowing from ground through V3 
causes an JR drop across V3 that maintains the cathode of 
V2 positive with respect to ground. The grid potential of V2 
is a voltage selected by potentiometer 24. This potentiom- 
eter is set so that the grid-to-ground voltage is less positive 
than the cathode-to-ground voltage by an amount (the bias) 
that causes V2 to pass a certain plate current. In other 
words, the JR drop between the moving contact on R4 and 
ground is less than the JR drop across V3 by an amount that 
is equal to the bias on V2. The plate current of V2 flows 
through R1 and causes a drop across it. The magnitude of 
the voltage across R1 is the bias on tube V1. Therefore, the 
adjustment of potentiometer 4 establishes the normal 
resistance of V1. This adjustment is used to set the value of 
load voltage that the regulator is to maintain. 

If the load voltage tends to rise, whether from a decrease 
in load current or from an increase in the input voltage, the 
voltage between the moving contact on #4 and ground will 
increase. The difference in this voltage and the fixed voltage 
across V3 decreases. These two voltages are in opposition, 
and the voltage between the moving contact on R4 and 
ground is less than the fixed voltage across V3. Thus, the 
grid bias of V2 decreases, and the plate current of V2 in- 
creases through R1. The increase in voltage across Rl 
increases the effective resistance of V1. If the load voltage 
tends to rise because of an increase in input voltage, this 
increase is accompanied by an increase in voltage across V1 
and the rise in load voltage is checked. If the rise in load 
voltage is caused by a decrease in load current, this rise is 
checked because the /R drop across V1 remains constant, 
because the decrease in J is accompanied by an equal increase 
in R, 

A pentode is used for V2 because of the high amplification 
possible with this type of tube. The use of such a tube makes 
the output voltage much more constant because small vari- 
ations of load voltage are amplified sufficiently to cause 
operation of the circuit. 
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The anode of the glow tube, V3, is connected to the cathode 
of V2 and to the plus terminal of the regulated voltage output 
through resistor R2. It is necessary to connect the glow tube 
to the B+ in this way in order to cause the gas in this tube 
to ionize when the power supply is first turned on. 

All the load current must pass through V1. For this 
reason, this tube must be capable of passing a large current. 
In some regulators a single tube does not have sufficient 
capacity to pass the required current. In such cases, several 
identical tubes may be connected in parallel. 

The type of regulator shown in figure 3-20 is used very 
widely to stabilize the output voltage of rectifier power 
supplies. Because of its excellent sensitivity to small changes 
in input voltage, this regulator is very effective in removing 
ripple from the output of rectifier power supplies. The 
regulator, then, serves also to filter the output of a rectifier, 
although the conventional filter systems usually are used in 
connection with a regulator. 

Figure 3-21 is a complete rectifier-power-supply circuit, 
showing the power transformer, the full-wave rectifier tube, 
the filter circuit, the voltage regulator, and the voltage 
divider. This figure summarizes much of the foregoing 
power-supply discussion. (See pages 136 and 137.) 


Voltage Dividers and Bleeders 


A resistor is frequently placed across the output terminals 
of a rectifier power supply to bleed off the charge on the 
filter capacitor when the rectifier is turned off, or to apply 
a fixed load to the filter and thus improve the voltage regu- 
lation of the power supply. In the latter case, the resistor 
is designed to draw at least 10 percent of the full-load 
current in order tor the change in power supply current to be 
less for a given change in load and thus reduce the magnitude 
of the variation in output voltage. In both cases the resistor 
is called a BLEEDER REsisTOR. If leads are connected to the 
resistor at various points to provide a variety of voltages that 
are less than the total output voltage, the resistor is called 
& VOLTAGE DIVIDER. 
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VoLTAGE DIVIDER ciRcuITs.—A resistor that is used as a 
load resistor may also serve as a divider and asa bleeder. A 
simple voltage divider composed of three similar resistors in 
series is shown in figure 3-22. As long as no load is drawn 





rb ee TS 


FROM 2 
RECTIFIER x a 





Figure 3-22.—Simple voltage divider. 


from any terminal except the top, or line, terminal, the 
voltages across the resistors will divide in proportion to the 
resistance of each as shown in figure 3-22. 

It is common practice to ground one side of voltage 
dividers. Therefore, ground potential is normally used as a 
reference for measurement of voltages as indicated at point 
D in figure 3-23, A. If a rectifier and its filter are connected 
so that no parts of the system are grounded, the divider can 


0 GROUNDED © GROUNDED A GROUNDED 


Figure 3-23.—Effect of moving the ground point on a voltage divider. 
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be grounded at any point without affecting the operation of 
the rectifier, provided the insulation of all parts is sufficient 
to withstand the voltage involved. Thus in figure 3-23, B, 
point C is grounded, and point D becomes negative with 
respect to ground. Such a circuit may be used to furnish 
both plate and bias voltages from the same power supply. 
In figure 3-23, C, point A is grounded, and all voltages 
along the divider are negative with respect to ground. Note, 
however, that point A will always be positive with respect to 
points, B, C, and D as long as the electron flow is maintained 
from D to A as shown in figure 3-23, C. 

OPERATION OF VOLTAGE DIVIDERS.—In the voltage divider 
circuits (fig. 3-23) it has been assumed that no load was 
attached to the divider except across terminals A and D, 
and that voltages could be measured without drawing 
appreciable current. As soon as @ load is connected across 
the divider at any intermediate terminals, however, the volt- 
age division shown in figure 3-23 is no longer correct. The 
resistance of the attached load forms a paralJel circuit with 
that part of the divider across which it is placed, and there- 
fore there is a change in the resistance of that part of the 
divider in relation to the total resistance between terminals 
Aand D. 

For example, in figure 3-24, a load of 150,000 ohms (150 
k-ohms) is placed across BD, and a load of 50 k-ohms is 
placed across CD. The resistance between C and D is first 
determined by Ohm’s law for parallel resistance— 


To this resistance is added the series resistance (50 k-ohms) 
between B and C, making a total of 75 k-ohms. The 
resistance across BD is then found by the parallel] resistance 
rule. Thus, 


_75X150 
BP" 75+ 150 


139 


=650 k-ohms. 


The total resistance between A and D before the main load is 
applied is the resistance between B and D plus the resistance 


between A and B, or 50+50=100 k-ohms. 
The total current, J, drawn through the divider and its 


+ A_+300V. 





' 
! 
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Figure 3-24.—Effects of loads on voltage division. 


two loads is then the total voltage divided by the resistance 
between A and D. Therefore, 


I — 300 9.003 ampere. 


100,000 


A current of 0.003 ampere flowing through R1 produces an 
IR drop of 50,000 X0.003=150 volts. Therefore, when load 
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1 and load 2 are connected as shown, the voltage across R1 
increases from 100 to 150 volts. The voltage across load 1 is 


300—150=150 volts. 
The current through load 1 is 


150 
150,000 2-00! ampere, 


and the current through R2 is 
0.003 —0.001=0.002 ampere. 


The 0.002 ampere flowing through R2 produces an JR 
drop of 
50,000 X 0.002= 100 volts. 


Thus, the voltage remaining to be applied across CD is 
150—100=50 volts. 
The current in load 2 is 


50 
50,000 72°00! ampere, 
leaving 0.001 ampere to flow through R3. As a check, the 
IR drop across R3 can be found as 


50,000 X0.001=50 volts. 


Because this voltage is the same as that previously deter- 
mined across CD, the value of current is correct. 

Instead of a voltage of 200 volts between point B and 
ground, and 100 volts between point C and ground, as in 
figure 3-23, A, the voltage now is 150 volts at B and 50 volts 
at C, when the load values are as indicated in figure 3-24. 
Other load values will give correspondingly different values 
of voltage at Band C. Thus, the voltage appearing across 
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the intermediate terminals of a voltage divider divides 
proportionately to the values of the divider resistors only 
as long as no appreciable load current is drawn from these 
terminals. Under loaded conditions the voltages at these 
terminals will have various values, depending upon the 
resistance of the loads. A voltage divider must therefore 
be designed for the particular load conditions under which 
it is to operate. 


VOLTAGE-MULTIPLYING CIRCUITS 
Half-Wave Doubler 


If a rectifier unit (a metallic type in this case) and a 
capacitor are connected in series across a source of alter- 
nating current, as shown in figure 3-25, the voltage will be 
doubled. The arrow in the doubler circuits in this chapter 
acts as the cathode, and electron flow is in the direction of 
this arrow. When the input voltage is as indicated in figure 
3-25, A, the capacitor charges to the peak value of the line 
voltage. On the next half cycle the condition shown in 
figure 3-25, B, results. The full peak voltage across the 
capacitor is retained, but because of the polarity reversal of 
the source, the rectifier no longer conducts and as a result 
the voltage across the capacitor adds to that of the source. 
Therefore, the total voltage across the rectifier has a peak 
value twice that of the source. Thus, the output voltage 
varies between zero and twice the peak input voltage during 
each cycle. 

The output voltage can be maintained over the entire 
cycle if a second rectifier unit and capacitor are added, as 
shown in figure 3-26. The second capacitor charges to 
twice the peak input voltage when rectifier D2 conducts and 
holds its charge during the time D2 is nonconducting. 

Capacitor C2 cannot, however, maintain the full output 
voltage over the complete cycle if there is any appreciable 
load. This limitation results from the fact that when 
rectifier D2 is nonconducting, no current is drawn from the 
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Figure 3-25.—Analysis of voltage doubler. 
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Figure 3-26.—Half-wave voltage doubler. 


input circuit. Thus, C2 supplies the load current during 
discharge, and the output voltage falls proportionately. 
Because current is drawn from the source for only one-half 
of a cycle, this circuit is called a HALF-WAVE VOLTAGE 
pouBLeR. The half-wave characteristic and the size of 
capacitor C2 limit the use of this circuit to applications 
requiring only a small output current. 


Full-Wave Doubler 


A doubler that operates as a full-wave rectifier is shown 
in figure 3-27. Actually, such a connection is equivalent 





Figure 3-27.—Full-wave voltage doubler. 
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to connecting a pair of half-wave doublers across the source 
so that the direction of their conducting paths is opposite. 
As a full-wave rectifier, this circuit draws current from the 
voltage source during both halves of the input cycle. For 
one half cycle, Cl charges to the source voltage through 
rectifier D1, and for the next half cycle C2 charges to the 
source voltage through rectifier D2. The voltages impressed 
across Cl and C2 will therefore combine in series across the 
load to give the polarity and current flow indicated in the 
figure. 


Voltage Multipliers 


The process of increasing the voltage can be performed 
at higher levels of multiplication such as tripling and quad- 
rupling. Theoretically, the voltage could be multiplied an 
infinite number of times by this process. Practical con- 
siderations, however, generally limit the multiplication to 
four or five times. Figure 3-28 shows a schematic diagram 


| 


100 V PEAK 






A-C 
SOURCE 


Figure 3-28.—Voltage multiplier. 


in which an output voltage equal to seven times the peak of 
the input voltage is developed. The number of sections in 
this type of circuit could be extended to give high output 
voltages, but with each additional section the voltage regu- 
lation is adversely affected. The circuit acts as a half-wave 
multiplier and thus large capacitors must be employed to 
maintain current flow during alternate half cycles. 
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The operation of this circuit may be explained as follows: 
When the upper terminal is negative, electrons flow through 
all of the diodes, charging C1, C3, C5, and C7 to the peak 
voltage of the source. When the upper terminal is positive, 
the charges stored on these capacitors act in series with the. 
input voltage to charge C2, (4, and C6 to twice the value 
of the input voltage. This reasoning may be continued 
through the first seven half cycles, and at this time the 
voltage across C7 will have been built up to seven times 
the input voltage. 

Contrary to what may be expected upon first inspection 
of this circuit, the inverse peak voltage across any one of 
the rectifiers does not increase with the number of stages. 
Actually the peak inverse voltage across each rectifier, 
regardless of its position in the circuit, is twice the peak 
value of the input voltage. 

Voltage multipliers are not widely used in naval electronic 
equipment. When high voltages are required, designers 
prefer the more conservative and dependable transformer 
and high-vacuum rectifier type of supply. When multipliers 
are utilized, the disk-type rectifier is well suited to the 
application because it requires no filament supply. If 
electron-tube rectifiers were.used, the simplicity of the 
multiplier would be defeated by the necessity for providing a 
separate filament transformer for each stage of multiplication. 


GRID-BIAS VOLTAGES 
Grid Bias from B-Supply 


In modern electronic equipment the grid-bias voltage is 
frequently derived from the plate supply voltage. Three 
methods are shown in figure 3-29. 

The methods shown in figure 3-29, A and B, are commonly 
used in low-power amplifiers. The prime consideration is 
that the bypass capacitor be large enough to maintain a 
steady voltage across the resistor at the lowest operating 
frequency of the amplifier. In other words, the impedance 
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Figure 3-29.—Methods of obtaining grid-bias voltage from the plate power 
supply. 


of the capacitor should be very low, compared with the 
resistance of the bias resistor, at the lowest frequency to be 
passed by the amplifier. These arrangements will obviously 
reduce the effective plate-to-cathode voltage by the absolute 
value of the bias voltage. 

A brief consideration of current flow through the bleeder 
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and through the tube in figure 3-29, A, may be of value in 
understanding how the bias is established. Bleeder current 
flows from B— to B+, and the no-signal (bias) voltage 
between grid and cathode is determined by the position of 
the movable contact. The grid is thus-negative with respect 
to the cathode. The d-c component of plate current also 
flows through the lower portion of the bleeder. Capacitor C 
offers less opposition to the signal component of the plate 
current than does the lower portion of the bleeder. There- 
fore, the signal component flows from B— through C to 
the cathode, and back to B+. Because the signal com- 
ponent does not flow through the bleeder the bias voltage 
is maintained at a steady value. 

In figure 3-29, B, the bias is developed by the flow of 
the d-c component of the plate current through the bias 
resistor. The a-c component is passed around the bias 
resistor by the bypass capacitor. Thus, a steady negative 
bias is established between grid and cathode. 

The method shown in figure 3-29, C, is used frequently 
in power amplifiers. This arrangement makes use of the 
resistance in the power-supply filter choke to supply the 
voltage drop necessary for grid bias. In this circuit the grid 
is connected to B—, and the signal component of the plate 
current flows from B—, through the low reactance of C, to 
the cathode, and back to B+ via the tube and load resistor. 

Batteries are sometimes used for bias supplies when abso- 
lute stability of the bias voltage is necessary. Under these 
conditions the battery supplies no grid current and its 
effective life is its ‘shelf life.” A more popular type of bias 
battery now in use is composed of tiny individual dry cells 
capable of being clamped together in a special type of holder 
resembling a fuse clamp. Any number of these dry cells can 
be placed in series to obtain bias voltages in multiples of 
i.5 volts. These cells have extremely long shelf life. 

Very large, high-power amplifiers frequently have separate 
bias supplies. They may be d-c generators or rectifier-filter 
systems. If d-c generators are used a filter must be placed 
in the output to eliminate any commutator ripple that may 
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be present. If a filter were not used, the ripple, no matter 
how small, would be amplified by the tube and cause distor- 
tion of the output signal. 


Fixed Bias Voltage Supply 


Some electronic equipments require a fixed bias. Trans- 
mitters, especially those that handle considerable amounts of 
power, need a fixed negative bias in order to protect the tubes 
and circuits, should other systems of bias fail. In the ab- 
sence of a fixed bias a failure of the normal bias would cause 
a large increase in current through the tube and the associated 
equipment, and damage to the equipment might result. 

One of the circuits that may be used to produce a fixed bias 
voltage is shown in figure 3-30. A conventional full-wave 
rectifier together with its filter circuit is shown at the top of 
the figure. This rectifier furnishes the high d-c voltages for 





FIXED BIAS SUPPLY 


Figure 3-30.—Fixed bias supply circuit. 
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the plates and screen grids of the tubes. The fixed bias 
supply is shown enclosed in the dotted lines. The lower 
half of the high-voltage secondary is used, together with a 
half-wave rectifier diode, V2, and filters 21, R2, C1, and C2, 
to produce the fixed bias across R3. 

When the lower end of the high-voltage secondary (fig. 
3-30) is negative, electrons flow from the cathode to the 
plate of V2 and down through #3 to ground and thus back to 
the center tap on the secondary; thus the output voltage is 
Negative with respect to ground in contrast with the B- 
supply circuit. 

The tap on R3 permits the bias to be adjusted to the 
correct value. Bias resistor R3 generally has a relatively 
low value of resistance to minimize voltage variations due to 
grid current in class-C amplifiers, overdriven class-A ampli- 
fiers, or class-AB, amplifiers. If grid current should flow in 
one of the stages connected to the fixed bias supply, the 
voltage across the bias resistor (in the absence of capacitor 
C3) would increase and the bias would be increased accord- 
ingly. 

When less bias voltage is needed than is developed in the 
circuit shown in figure 3-30, the 6-volt filament transformer 
supply circuit shown in figure 3-31, A, may be used instead. 

The operation of the circuit in figure 3-31, A, may be 
explained by the use of the simplified circuit shown in figure 
3-31, B. Assume that at a given instant point 1 is negative 
and point 2 is positive. Electrons flow from point 1 through 
the tube and charge the right-hand plate of C1 negative. 
During this conducting time A1 is short-circuited by the 
tube. On the other half cycle when point 1 is positive and 
point 2 is negative, electrons cannot flow through the tube. 
Instead, C1, which has charged to approximately the full 
peak voltage of the supply, now partially discharges through 
R1, thus developing the bias voltage. The time constant of 
C1R1 is relatively long, so that only a small amount of 
charge leaks off Cl during the nonconducting period. F2 
and C2 serve as filters, so that the voltage appearing between 
point 5 and ground is relatively free of ripple. 
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Figure 3-31.—Shunt-fed rectifier bias supply. 


ELECTROMECHANICAL SYSTEMS 
Dynamotors 


The basic electrical power source in many aircraft is a 24- 
volt storage battery and an engine-driven generator. The 
generator charges the battery and supplies engine ignition, 
aircraft lights, and other electrical loads. In addition, air- 
craft communications equipment generally has incorporated 
within it another rotating machine called a pyNAMOTOR. 

The dynamotor performs the dual functions of motor and 
generator, changing the relatively low voltage of the 24-volt 
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power supply into a much higher value for the plates and 
screens of electron tubes. The dynamotor usually employs 
two windings on a single armature. The two windings 
occupy the same set of slots and terminate in two or more 
separate commutators. The armature rotates in a single 
field frame with a conventional field winding to provide the 
exitation for both motor and generator. The motor arma- 
ture winding is connected to the 24-volt power source and 
develops driving torque which rotates the armature as a 
motor. The generator winding is connected to the plates 
and screens of the electron tubes of the associated equipment 
and generates the relatively high voltage for these loads. 

A functional diagram of a typical dynamotor is illustrated 
in figure 3-32. The heavy lines represent the motor circuit. 


























Figure 3-32.—Functional diagram of a dynamotor. 


Relatively high current from the low-voltage source flows 
through the motor winding of the armature. The field is 
also energized from the low-voltage source. The interaction 
of the large current in the motor armature conductors with 
the field causes the armature to rotate. 

The high-voltage winding, represented by the finer lines 
between the field, is wound in the same armature and rotates 
with the motor winding. When turning, the high-voltage 
winding cuts the lines of force of the common field and 
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generates a voltage which is developed across the brushes 
on the high-voltage commutator. The greater the number 
of turns in the high-voltage armature winding, the greater 
will be the voltage output. 

Because the armature and field windings in the diagram 
of figure 3-32 are connected in parallel this is called a sHuNT- 
WOUND (shunt-connected) motor. The desirable character- 
istic of this type of motor is that the speed remains fairly 
constant with changes in the load placed upon it. 

The high current required by the motor necessi.ates a 
correspondingly large size in the motor components such as 
the commutator, brushes, and armature wire when com- 
pared to those components of the generator. The motor 
commutator is larger in diameter but has fewer segments 
than that of the generator. Because more turns in the 
generator armature winding produce a higher output volt- 
age, there are a greater number of turns in that winding 
and the wire size is correspondingly reduced. : 

Filters are placed at the high-voltage output terminals 
to filter out high-frequency currents produced by sparking 
between the brushes and the rotating commutator segments, 
thereby eliminating any possible interference that the spark- 
ing may cause. The filter consists of a combination of 
chokes and capacitors such as shown in the typical filter 
section at the right of figure 3-32. The purpose of the 
chokes, Z1 and L2, is to present a high impedance to the 
high-frequency currents so that they will not be present in 
the output. The low impedance of the capacitors, C1, C2, 
C3, and C4, bypasses high-frequency currents to ground. 

Additional audio filtering is provided to eliminate com- 
mutator ripple which compares with the ripple found in the 
output of conventional a-c rectifiers. This audio filtering 
consists usually of a series inductor of comparatively high 
value and a shunt capacitor. It is represented in the figure 
by the iron-core choke, L3, and capacitor C5. The capacitor 
across the low-voltage input leads reduces sparking between 
the brushes and commutator at the input end of the dyna- 
motor. 
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Vibrators 


The vibrator is another type of voltage supply used to 
obtain a high a-c or d-c voltage from a comparatively low 
d-c source. It has certain advantages over the dynamotor 
type of power supply. For example, the vibrator is lighter 
and less expensive than the dynamotor; it is also more 
efficient. However, the vibrator can be used only when a 
limited amount of high-voltage current is needed. Also, its 
life is relatively short, and it tends to produce radio inter- 
ference (hash). It is extensively used in the “power packs” 
of lightweight mobile equipment. Actually, neither the 
dynamotor nor the vibrator are power supplies as such, 
being only the means by which low-voltage direct current 
is converted to high-voltage direct current. 

A simple vibrator power supply is shown in figure 3-33. 










PULSATING 
D-c 
PRIMARY Pp 


itl 


LOW-VOLTAGE 
SUPPLY 


Figure 3-33.—Basic vibrator power-supply system. 


HIGH -VOLTAGE 
S aA-C TO 
RECTIFIER 


It is nothing more than a simple interrupter, similar in many 
respects to a buzzer or doorbell. Pulsating direct current is 
used to energize the primary winding of a transformer which 
in turn induces an a-c voltage in the secondary. The turns 
ratio of the transformer windings are chosen to give the 
desired output voltage. 
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When the switch is closed in the circuit of figure 3-33, 
current flows from the battery through the electromagnet, 
and then through contact B, armature A, primary winding P, 
and back to the battery. In passing through the electro- 
magnet the current sets up a magnetic field that attracts the 
armature. As the armature moves it breaks the circuit at 
contact B. As soon as the circuit is broken, the electro- 
magnet no longer attracts the armature, thus allowing spring 
C to pull it back to the starting position. At the starting 
position, contact B again closes the circuit and the process 
is repeated. In this way a pulsating direct current that 
induces a high voltage in the secondary winding flows through 
the primary of the transformer. 

The output voltage of the secondary is applied to a con- 
ventional rectifier and filter network, which converts the 
alternating current back into direct current, but at a higher 
voltage. 

Two typical vibrator power-supply systems are shown in 
figure 3-34. In figure 3-34, A, is shown the nonsynchronous 
type of vibrator power supply. This type of power supply 
requires a separate rectifier and filter. Either cold-cathode 
or high-vacuum rectifiers are used with nonsvnchronous 
vibrators. 

The operation of this type of vibrator is much the same 
as that of the basic vibrator shown in figure 3-33. When 
the battery switch is closed, current flows through the lower 
half of the primary, the electromagnet, and back to the 
battery, producing an expanding magnetic field. As the 
armature is drawn down, the electromagnet is temporarily 
short-circuited, and loses its magnetism. The armature is 
released and makes contact with terminal 2. Current now 
flows through the upper half of the primary and back to 

the battery. At the same time this is occurring, the field 
previously established by the current in the lower half 
winding is collapsing. The effect of the simultaneous 
expansion of one field and collapsing of the other field is to 
increase the magnitude of the induced voltage in the 
secondary. 
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Figure 3-34.—Typical vibrator power-suppry systems. 


The synchronous vibrator, shown in figure 3-34, B, does 
not require a rectifier tube. This type of vibrator is called 
a synchronous vibrator because two additional contacts 
connected to the ends of the secondary winding are so 
synchronized with the contact in the primary circuit that 
rectification takes place. 

Contacts 3 and 4 perform the function of rectification. 
Insofar as the primary is concerned, the action is similar 
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to that of the nonsynchronous vibrator. If at a given 
instant point 5 is negative and the armature is touching 
Points 2 and 3, electrons will flow from point 5, to point 3, 
to ground; and return to the center tap on the secondary 
by way of the load. A half cycle later, point 6 is negative 
and the armature is touching points 4 and 1. Electrons 
then flow from point 6 through 4 to ground, and return to 
the center tap via the load. Thus, current always flows 
through the load in the same direction—that is, from ground 
to the center tap. 
Inverters 


In many naval aircraft the primary source of power that 
is available for use in the electronic equipment is the 24- 
volt d-c supply that is used to run dynamotors and to 
supply low-voltage filament and heater power of low-power 
transmitters and receivers. In addition, 115-volt alternating 
current is often derived from the low-voltage direct-current 
source by the use of a device called an INVERTER. The 
inverter is a rotating type of machine that takes an input 
of 24 volts d-c and changes it into 115 volts a-c at about 
800 cycles per second. 

The 115-volt power is then used to provide the input for 
rectifier power supplies in the high-power electronic equip- 
ment, such as radar units. 

Electromechanical systems that change alternating cur- 
rent to direct current are commonly called convERTERS, and 
electromechanical systems that change direct current to 
alternating current are commonly called INVERTERS. 

Because alternating current is used for some of the instru- 
ments on aircraft, and also for control equipment, radar, 
radio, fluorescent lighting, etc., some means of producing 
alternating current from the aircraft direct-current system 
is necessary. Although lighter equipment may be used in 
certain instances, the motor-generator (d-c motor, a-c 
generator) set is more flexible and in general more satis- 
factory from the point of view of frequency and voltage 
control. 
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Common frequencies of aircraft inverters are 400 and 800 
cycles per second. The higher frequencies permit smaller 
inductive components in the equipment and thus the weight 


may be kept to a minimum. 
Both d-c motors and a-c generators are treated in texts 


on basic electricity and hence will not be treated here. 
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12, 


13. 


14, 


15. 


16. 


17. 


18. 


19. 


QUIZ 


How does the B-supply differ from the A-supply? 

Why is it important in a directly heated cathode to return the grid 
and plate circuits of a tube to a point the exact electrical center 
of the filament circuit when a-c is used for heating? 


. Why is the center-tap grid and plate return not needed when in- 


directly heated cathodes are used? 


. What type of rectifier tube (high-vacuum or gas-filled) is most 


widely used in low-current applications? 


. What are two of the important characteristics of the high-vacuum 


rectifier tube? 


. Why is the mercury-vapor rectifier more efficient than the high- 


vacuum rectifier? 


. What is the normal voltage drop across a mercury rectifier tube 


when it is conducting? 


. Why is the peak inverse voltage rating of the individual copper- 


oxide rectifier units relatively low? 


. How may the peak inverse voltage rating of dry-disk rectifiers be 


increased? 

Why is the cathode or figure 3-7 positive with respect to ground? 
What are the rms and average values of the unfiltered voltage 
across & load supplied by a full-wave rectifier having a peak output 
voltage of 200 volts? 

Why is the transformer inductance in a full-wave rectifier not re- 
duced as it is in the half-wave rectifier? 

With a given transformer, what is the relative output voltage of a 
bridge rectifier compared with that of a conventional full-wave 
rectifier? 

Give one disadvantage of the bridge rectifier employing filament- 
cathode-type electron tubes? 

Why is the charge time of C in figure 3-12 relatively short and the 
discharge time relatively long? 

Why is a simple capacitor filter not used with rectifiers that must 
supply a large load current or with gas-tube rectifiers? 

Why is the output voltage of a choke input filter lower than for an 
input capacitor filter having the same input voltage? 

Where does the major portion of the filtering take place in a pi-type 
filter? 


Why is the L-section filter seldom used with half-wave rectifiers? 
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20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 
29. 
30. 


31. 


32. 


33. 


34, 


35. 


36. 


37. 


38. 


What causes the difference between the no-load voltage and the 
full-load voltage of a power supply: 

In a choke-input filter, why must a minimum amount of current 
be maintained at all times through the choke? 

If in figure 3-16 the filtered output voltage from the rectifier should 
increase in value, would FR have to be increased or decreased in value 
in order to maintain a constant voltage across the load? 

How is the voltage regulation affected if an amperite voltage regu- 
lator is used and the load varies? 

How does a glow-tube regulator (fig. 3-18) hold the load voltage 
constant when the source voltage changes? 

When the negative bias on the grid of V1 in figure 3-19, A, increases 
what happens to the effective plate resistance of the tube? 

In the electron-tube voltage regulator shown in figure 3-19, what 
checks the drop in load voltage when the load is increased? 

What is the advantage of using a pentode in the improved voltage 
regulator in figure 3-20? 

What are two functions of bleeder resistors? 

What is the function of a voltage divider? 

In a voltage divider what is the purpose of grounding some point 
other than an end terminal? 

What is the result of applying a load across one portion of a voltage 
divider? 

Why is the output current of the half-wave voltage doubler of 
figure 3-26 limited? 

What is the purpose of connecting a large cathode bypass capacitor 
across the cathode-bias resistor in figure 3-29 when low frequencies 
are being amplified? 

Why is a fixed bias used in transmitters that handle large amounts 
of power? 

Why is the generator winding of a dynamotor that derives its power 
from a 24-volt system, composed of more turns than the motor 
winding? 

What function is performed by a vibrator? 

What distinguishes a synchronous vibrator from a nonsynchronous 
vibrator? 

For what purpose are inverters used? 
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CHAPTER 


INTRODUCTION TO ELECTRON-TUBE 
AMPLIFIERS 


CLASSIFICATION OF AMPLIFIERS 


The most important function of an electron tube is its 
ability to amplify or increase the amplitude of the input 
signal. An electron-tube amplifier consists of one or more 
tubes and associated circuit elements necessary for its opera- 
tion and is used to increase the voltage, current, or power of 
a signal. For example, a minute amount of power at the 
input of a broadcast receiver is amplified by a number of 
amplifier stages in the receiver to the level necessary to 
operate a loudspeaker. The amount of amplification or gain 
that results is dependent primarily upon the number of ampli- 
fier stages used. Gartn is defined as the ratio of output to 
input. The greater the number of stages the greater the 
over-all gain will be. One stage may have a larger gain 
(gain per stage) than another. In many circuits the gain 
is dependent largely upon the amplification afforded by the 
electron tube. In other circuits the gain may be due to 
transformer action or the resonant qualities of a circuit. 
The amplification of the tube itself is expressed as an ampli- 
fication factor, » (defined in chapter 2). 

A signal voltage, e,, of sine waveform applied to the con- 
trol grid of a tube (fig. 4~1, A) results in plate current varia- 
tions through the load impedance and voltage variations 
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Figure 4—1.—One-stage amplifier and waveforms. 
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between plate and ground, as shown in figure 4-1, B. The 
voltages and currents are made up of a d-c component that 
exists when no signal is present and an a-c component that 
exists in addition to the d-c component when a signal is 
applied to the grid. In most cases the a-c component is of 
chief interest although the d-c component determines the 
portion of the tube characteristic in which the operation 
occurs. The a-c components of plate voltage and current 
constitute the useful output of the tube. 

In practical applications, input and output coupling cir- 
cuits must be used with the electron tube. If resistance- 
capacitance coupling is used, the voltage gain of the stage 
will be less than the amplification factor of the electron tube 
because of losses in the coupling elements. If transformer 
coupling is used, the voltage gain may be greater or less than 
» depending on whether the coupling transformer has a ante 
up or step-down turns ratio. 

In order to obtain certain waveform characteristics, aabiglle 
fiers are sometimes purposely designed to distort the signal. 
When voltage or power is to be amplified without appreciably 
changing the shape of the wave, as in high-fidelity amplifiers, 
it is generally necessary to sacrifice some of the gain that 
the stage would normally have if this condition were not 
imposed. 

Amplifiers may be classified in a number of ways such as 
according to use, bias, frequency response, or resonant quality 
of the load. 


According to Use 


When classified according to use or type of service, ampli- 
fiers fall into two general groups—voOLTAGE AMPLIFIERS and 
POWER AMPLIFIERS. 

VoLTAGE AMPLIFIERS.— Voltage amplifiers are so designed 
that signals of relatively small amplitude applied between 
the grid and the cathode of the tube will produce large values 
of amplified signal voltage across the load in the plate circuit. 
In order to produce the largest possible amplified signal 
voltage across the plate load (which may be a resistor, an 
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inductor, or an umpedor) this value of impedance must be 
as large as practicable. 

The Gan of a voltage amplifier is the ratio of the a-c output 
voltage to the a-c input voltage. This type of amplifier is 
commonly used in radio receivers to increase the r-f or i-f 
signal to the proper level to operate the detector. It is used 
also to amplify the a-f output of the detector stage. In 
phone transmitters, voltage amplifiers are used to increase 
the output of the microphone to the proper level to be applied 
to the modulator. 

PowER AMPLIFIERS.—Power amplifiers are designed to de- 
liver a large amount of power to the load in the plate circuit. 
Since power, in general, is equal to the voltages times the 
current, a power amplifier must develop across its load 
sufficient voltage to cause rated current to flow. The 
POWER AMPLIFICATION of such a circuit is the ratio of the 
output power to the input grid driving power. 

The load impedance of a power amplifier is selected to 
give either maximum plate efficiency or maximum power 
output for a certain minimum level of distortion. PiaTE 
EFFICIENCY is the ratio of useful output power (a-c voltage 
component times a-c current component times cos 6) to d-c 
input power to the plate (plate current times plate voltage). 

PowER SENSITIVITY, another term used with power ampli- 
fiers, is the ratio of the power output in watts to the square 
of the effective value of grid signal voltage and is measured 
in mhos, Expressed as a formula, 


EI cos 6 
52 
£ 


power sensitivity= 


where E and J are the effective values of output voltage 
and current respectively, @ is the phase angle between them, 
and e, is the effective value of the input signal voltage. 

Power amplifiers are commonly used as the output stage 
of radio receivers. They are used also in transmitters to 
increase the power of the modulated carrier to the desired 
level before it is fed to the antenna. 
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According to Condition of Operation (Bias) 


Amplifiers may be classified also according to the condi- 
tions under which the tube operates—that is, according to 
the portion of the a-c signal voltage cycle during which the 
plate current flows as controlled by the bias on the grid. 
The four classes of amplifier operation according to bias are 
class A, class B, class AB, and class C. 

Cuass-A AMPLIFIERS.—Class-A amplifiers are biased so 
that, with normal input signal, plate current flows during 
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Figure 4-2.—Class-A operation. 


the entire input cycle, and the amplification is essen- 
tially linear, as indicated in figure 4-2. Grid current does 
not flow in most class-A amplifiers. 


To show that grid current does not flow during any part 
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of the input cycle, the subscript ‘1’ may be added to the 
letter or letters of the class identification. The subscript ‘‘2’’ 
may be used to indicate that grid current flows during some 
parts of the input cycle. Thus if the grid is not driven 
positive at any time in the class-A cycle no grid current will 
flow and the amplifier is designated class A. 

The principal characteristics of class-A amplifiers are 
minimum distortion, low power output for a given tube 
(relative to class-B and class-C amplifiers), high power 
amplification, and relatively low plate efficiency (20 to 35 
percent). This type of amplifier finds wide use in various 
audio systems where low distortion is important. 

Cuass-B AMPLIFIERS.—Class-B amplifiers are biased so 
that no plate current flows when no signal is applied to the 
grid. Plate current then flows for approximately one-half 
of each cycle of grid signal voltage (fig. 4-3). Such ampli- 
fiers are characterized by medium power output, medium 
plate efficiency (50 to 60 percent), and moderate power 
amplification. Since the a-c component of plate current is 
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Figure 4-3.—Class-B operation. 


166 


proportional to the amplitude of the grid signal voltage, the 
output power is proportional to the square of this voltage. 

Single-ended (single-tube) class-B amplifiers are used in 
r-f amplifier stages having a parallel-tuned circuit as the 
plate load. Two of these tubes may be used in push-pull 
output stages of audio-frequency amplifiers. In this circuit 
(fig. 4-4) each tube supplies that half of the waveform not 
supplied by the other. Thus, the resultant amplified wave- 
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Figure 4—4.—Class-B push-pull amplifier. 


form is a nearly true reproduction of the signal applied 
between the two grids. This circuit should not be confused 
with the full-wave rectifier circuits shown in the preceding 
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chapter since the load in the class-B amplifier is supplied 
with alternating current. 

Cuass-AB AamrLirieRs.—Class-AB amplifiers have grid 
biases and input-signal voltages of such values that plate 
current in a single tube flows for appreciably more than 
half the input cycle but for less than the entire cycle, as 
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Figure 4—5.—Class-AB operation. 


indicated in figure 4-5. Class-AB operation is essentially a 
compromise between the low distortion of the class-A am- 
plifier and the high efficiency of the class-B amplifier. 

If the input signal drives the grid positive with respect 
to the cathode, grid current will flow during the positive 
peaks and the amplifier is designated as a class-AB, ampli- 
fier. Although a class-AB, amplifier delivers slightly more 
power to its load, the class-AB, amplifier has the advantage 
of presenting to its driver a constant impedance. In con- 
trast with this effect the amplifier that draws grid current 
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Over a portion of its input cycle presents a changing imped- 
ance to its driver at the point where grid current starts to 
flow. Thus before grid current the impedance may be rela- 
tively high, and during that part of the input cycle when 
grid current flows the impedance falls to & relatively low 
value. The driver that supplies this kind of load must be 
designed to supply undistorted power to the load during 
these periodic intervals of low impedance. 

Cuass-C aMPLiriers.—Class-C amplifiers have a bias that 
is appreciably greater than cutoff; consequently plate current 
in a single tube flows for appreciably less than half of each 
cycle of the applied grid signal voltage (fig. 4-6). This class 


22 MA. 







ip-@q curve 
~20VOLTS 
BIAS 
~€g +@g 


NOTE 
POSITIVE 
GRID 
VOLTAGE 









SIGNAL 
VOLTA 


Figure 4-6.—Class-C operation. 


of amplifier has a relatively high plate efficiency (70 to 75 
percent), high power output, and low power amplification. 

Class-C amplifiers are not used as audio amplifiers, but 
they are used as r-f power amplifiers in transmitters. If 
power is delivered to a tuned load the load will present a 
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high impedance at the resonant frequency and low impedance 
at other frequencies. If the load is tuned to the same fre- 
quency as that which is applied to the grid it will offer 
optimum loading at this frequency. Low impedance will 
be offered to the harmonics (multiples) of the frequency 
applied to the grid, and hence these undesirable components 
will be eliminated. 


According to Frequency 


Amplifiers may be classified according to the frequency 
range over which they are to operate. In general, amplifiers 
operating in these ranges are known as direct-current (d-c); 
audio-frequency (a-f); intermediate-frequency (i-f); radio- 
frequency (r-f); and video-frequency (v-f), or pulse, ampli- 
fiers. 

When the signal current is in but one direction a d-c 
amplifier must be used. In order to overcome certain 
problems inherent in such an amplifier the circuits must be 
balanced and stabilized by means of resistors. 

Audio-frequency amplifiers operating in the range from 30 
to 15,000 cycles per second may be transformer-coupled, 
impedance-coupled, or resistance-coupled. 

I-f and r-f amplifiers are ordinarily designed for tuned- 
circuit coupling, although in actual operation they may 
resemble either transformer-coupled or impedance-coupled 
circuits. 

Video-frequency amplifiers, which operate in a range 
extending from the lower audio frequencies to perhaps 
5,000,000 cycles per second, commonly use resistance- 
coupled amplifiers in which the coupling resistance is made 
low enough to produce the necessary high-frequency response. 
However, in actual radar and television applications the 
resistance-coupled amplifier must be modified to make the 
response essentially flat over a wide range of frequencies. 
In addition, the circuits must be modified to keep time-delay 
distortion within a certain minimum value at the high- and 
low-frequency ends of the spectrum. 
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According to Circuit Configuration 


GROUNDED-CATHODE AMPLIFIER.—Amplifiers may be clas- 
sified according to the connection of the tube elements in the 
circuit. Conventional electron-tube amplifier circuits return 
the cathode either to ground through a cathode resistor or, 
if separate bias is provided, to ground directly. Both of 
these circuit configurations are classed as grounded-cathode 





A 
SEPARATE HEATER CATHODE 





DIRECT HEATER CATHODE 
Figure 4—7.—Grounded-cathode amplifier circuits. 
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types. In the former, the cathode is positive with respect 
to ground by the amount of the grid bias and the cathode 
bypass capacitor holds the cathode at ground potential with 
respect to the signal component. A grounded-cathode 
amplifier circuit is shown in figure 4-7, A, for a separate 
heater cathode and in figure 4-7, B, for a direct heater 
cathode. In both of these circuits the interelectrode capaci- 
tance between plate and grid introduces feedback at high 
frequencies, and unstable amplifier operation results. 
GROUNDED-GRID AMPLIFIER.—For very high frequencies 
the grounded-grid amplifier shown in figure 4-8 removes the 


INTERELECTRODE CAPACITANCE 
BETWEEN GRID AND PLATE 





Figure 4~8.—Grounded-grid amplifier circuit. 


feedback coupling between grid and plate and places the 
grid-plate interelectrode capacitance effectively in parallel 
with the load. Grounded-grid amplifiers are used as r-f 
amplifiers in the lower radar frequencies and in television 
circuits in the v-h-f and u-h-f bands. The input signal is 
introduced into the cathode circuit in series with the grid 
bias and varies the grid-to-cathode voltage in the normal 
manner. 

The output signal is taken between the plate and ground. 
The plate current (including the a-c component) flows 
through the signal source which is in series with the cathode 
circuit. The signal source has appreciable impedance and 
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the plate current through it is accompanied by a voltage 
drop across it which acts between the cathode and grid. 
The action is degenerative and lowers the gain of the amplifier 
compared to the gain of the grounded-cathode type. Some 
of the power in the load is supplied by the signal source 
since the load and source are in series with the plate-to- 
cathode resistance of the tube. The source is thus required 
to furnish a considerable amount of power. 
GROUNDED-PLATE AMPLIFIER.—The grounded-plate am- 
plifier (V1 in fig. 4-9) is another circuit configuration that 
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Figure 4~9.—Grounded-plate amplifier. 


may be used in u-h-f amplifiers. This amplifier circuit has a 
lower signal-to-noise ratio than the grounded-cathode 
grounded-grid circuits and also poorer stability since the 
grid is not used as a shield between cathode and plate. 
However, the input capacitance is slightly less than that 
of the grounded-grid circuit. If the grounded-plate amplifier 
is used to drive a grounded-grid amplifier, V2, at very high 
frequencies, the lower induced grid noise gives this circuit 
configuration a slight advantage over that of the grounded- 
cathode grounded-grid type. Generally, however, the 
grounded-cathode grounded-grid circuit is preferred. 
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According to Resonant Quality of Load 


Amplifiers are also classified according to whether they 
are TUNED or UNTUNED—that is, according to whether they 
amplify a restricted range or a wide range of frequencies 
respectively. 

TUNED AMPLIFIERS.—Tuned amplifiers may be further 
subdivided into NARROW-BAND and WIDE-BAND amplifiers. 
Whether a band of frequencies is considered narrow or wide 
depends on the ratio of the bandwidth to the center fre- 
quency, expressed as a percentage of the center frequency. 
An example of a narrow-band amplifier is the i-f amplifier 
in a broadcast radio receiver. The range is about 10 ke with 
a center frequency of 450 kc. The bandwidth in this example 
is 2.2 percent of the center frequency. Examples of wider- 
band amplifiers are the i-f stages of radar and television 
receivers which may have a range of about 4 mc at a center 
frequency of about 30 mc. In this case the bandwidth is 
about 14 percent of the center frequency. 

UnrtuNep aMPLiFIeERs.—Untuned amplifiers are not tuned 
to any specific band of frequencies. The circuit components, 
however, may limit the range of frequencies that the cir- 
cuit can handle. All audio amplifiers come under this 
classification. 


DISTORTION IN AMPLIFIERS 


The output of an ideal amplifier is identical with the input 
in all respects except for an increase in amplitude. This 
statement precludes, of course, the various wave-shaping 
and special-purpose amplifiers. A practical amplifier, how- 
ever, falls short of this ideal. Not all frequency components 
present in the input may be amplified equally; the amplitude 
of the output voltage may not be proportional to the ampli- 
tude of the input voltage, and thus new frequencies will be 
introduced; or the relative phases of the various output 
frequencies may differ from those of the input. These 
deviations from the ideal are known as FREQUENCY DISTOR- 


174 


TION, AMPLITUDE (or nonlinear) DISTORTION, and PHASE 
(or delay) pisTorRTION, respectively. 

To achieve the special waveforms necessary in certain 
radar, television, or test circuits distortion is deliberately 
introduced by the amplifier or an associated circuit. In 
certain other circuits, however, less distortion of all three 
types is permitted than would be tolerated in the case of 
broadcast radio amplifiers. 


Frequency Distortion 


When some frequency components of a signal are amplified 
more than others or when some frequencies are excluded, 
the result is frequency distortion. Essentially, this type of 
distortion results from bandwidth restrictions imposed by 
the various amplifier circuit components. For example, if a 
coupling circuit does not pass the third or higher harmonics 
that are present in the input, the circuit introduces frequency 
distortion. 

For purposes of comparison figure 4-10, A, shows the 
input and output of a two-stage amplifier that has introduced 
frequency distortion. The input, éy, contains the funda- 
mental and the third harmonic; but the output, éour, con- 
tains only the fundamental since the amplifier is unable to 
pass the third harmonic. Frequency distortion may occur 
at low frequencies if the coupling capacitor between the 
stages is so small that it presents a high series impedance to 
the low-frequency components of a signal. Distortion may 
also occur at high frequencies because of the shunting effects 
of the distributed capacitance in the circuit. 

Low- and high-frequency compensation—that is, boosting 
the response of the amplifier at the low- and high-frequency 
ends of the desired band—is discussed in chapter 5 under 
“Video Amplifiers.” 


Phase Distortion 


Most coupling circuits shift the phase of a sine wave, but 
this shift has no effect on the shape of the output. How- 
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AMPLITUDE DISTORTION 
Figure 4-10.—Types of amplifier distortion. 


ever, when more complex waveforms are amplified, each 
component frequency that makes up the over-all waveform 
may have its phase shifted by an amount that depends on its 
frequency. Thus, the output is not a faithful reproduction 
of the input waveform. 


176 


Figure 4-10 B, shows the input and output waveforms of 
a two-stage amplifier that has introduced phase distortion. 
The input signal, ¢,,, consists of a fundamental and a third 
harmonic. Although the amplitudes of both components 
have been increased by identical ratios, the output, éou, is 
considerably different from the input because the phase of 
the third harmonic has been shifted with respect to the 
fundamental. 

Basically, phase distortion is present whenever the com- 
ponent frequencies in the input of an amplifier are not all 
passed through the amplifier in the same amount of time. 
Phase or time-delay distortion is not important in the 
amplification or reproduction of sound because the ear is 
unable to detect relative phase shifts of the individual 
components. Such distortion, however, is important in 
radar, television, and measuring equipment where the wave- 
form must be accurately maintained during amplification. 
Phase distortion may be reduced by varying the amount or 
type of coupling. In video amplifiers special coupling 
circuits are used to reduce this distortion. 


Amplitude Distortion 


If a signal is amplified by an electron tube that is not 
operating on the linear portion of its characteristic curve, 
amplitude (nonlinear) distortion will occur. In the nonlinear 
region a change in grid voltage does not result in a change in 
plate current that is directly proportional to the change in 
grid voltage. For example, if a tube is overdriven by 
applying-a grid signal that drives the tube beyond the linear 
portion of the characteristic curve (nonlinear distortion) 
and also to the point where the grid draws current (grid- 
limiting distortion) the resultant signal is distorted in 
amplitude, as shown in figures 4-10, C, and 4-11. This type 
of distortion is to be expected, since for a portion of the 
negative half of the grid signal swing the tube operates on a 
nonlinear portion of the characteristic curve, and for a 
portion of the positive swing the grid draws current. 
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tigure 4-11.—Distortion in a class-A amplifier due to excessive signal 
voltage. 


Beyond the linear portion of the curve, a further increase 
in negative grid potential will not cause a proportionate 
reduction in plate current. On the other half cycle, the 
positive swing of grid voltage (beyond the point where the 
grid draws current) is limited by the loss in voltage within 
the source impedance and no further increase in plate current 
can occur. The result of this nonlinearity is the production 
of harmonics that were not present in the input of the 
amplifier. This concept can be better understood if it is 
recalled that any complex periodic waveform may be con- 
sidered as being composed of a number of sine waves of 
different frequencies and amplitudes. The sine wave that 
has the same frequency as the complex periodic wave is 
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called the FUNDAMENTAL. The frequencies higher than the 
fundamental are called HaRMoNiIcs. Thus, from the complex 
waveform is obtained a number of harmonics plus the 
fundamental frequency. 

At the higher frequencies, harmonics may be reduced by 
the use of a parallel resonant circuit as a plate load, by link 
coupling, or by filtering. At the audio frequency, however, 
there is an overlap of frequencies and filtering is not practi- 
cable. The best solution is to operate the tube on the 
straight portion of the characteristic curve for class-A 
operation, or to operate it in a push-pull arrangement for 
class-B operation. 

Complex waveforms are necessary in certain television, 
radar, and test instrument circuits. These waveforms 
include square waves, saw-tooth waves, and peaked waves. 
In each of these waveforms the distortions are deliberately 
introduced. The circuits for producing these distorted 
waveforms and an analysis of nonsinusoidal waves and 
transients are treated in an advanced course. 


Miscellaneous Distortion 


Hv is a type of distortion particularly objectionable in 
audio- and video-frequency amplifiers. It may be caused 
by one or more of the following conditions: Alternating 
current in the filaments or heaters of the amplifier tubes, 
stray electromagnetic or electrostatic fields, or insufficient 
filtering of the power supply. A center-tapped resistor 
across the filament terminals to which the grid return is 
connected may reduce hum at the power frequency. On the 
other hand, the elimination of hum due to cyclic variations 
in filament temperature, at twice the power frequency, is 
largely a design problem. The elimination of hum in 
heater-type tubes is also largely a design problem, although, 
as in the case of filament-type cathodes, the a-c leads may 
be twisted together and placed in such positions as to cause 
the least magnitude of induced voltages in the signal circuits. 

The undesired effects produced by stray fields may be 
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reduced by proper placement of transformers; proper 
shielding of transformers, leads, and tubes; and arrangement 
of circuits and components so that there will always be a 
low impedance bypass to ground to the undesired currents. 

MicropHoNIc EFFECTs are the result of slight vibrations 
in the tube elements. Variations in plate current due to 
these vibrations are amplified in each succeeding stage and 
appear in the output of audio and video amplifiers. These 
slight displacements of the tube elements may be caused 
either by physical vibration of the chassis or by the sound 
vibrations emitted by the speaker. 

The obvious remedy is to employ some method that will 
insulate the tube or tubes from the vibrating source. Some 
tubes, however, are less susceptible to microphonics than 
others, and occasionally simply replacing a tube will cure 
the trouble. 

Noise in audio and video amplifiers may be caused by 
faulty contacts, faulty components such as resistors or 
capacitors, Or THERMAL-AGITATION NOISE. Thermal-agita- 
tion noise occurs because all electrical conductors contain 
electrons moving at random. Some of these electrons move 
at random even if there is an impressed voltage across the 
conductor. By chance, at any given instant, more of these 
electrons move in one direction than in another. When 
amplified, the accompanying voltage results in thermal- 
agitation noise. 

Also inherent in electron tubes are other noises such as 
SHOT EFFECT, which results from a variation in the rate of 
electron emission from a cathode; Gas NoIsE, which results 
from a variation in the rate of production of ions; and 
SECONDARY EMISSION NOISE, which results from a variation 
in the rate of production of secondary electrons. There are 
also other variations that produce noise in the output of a 
receiver. 

In the final analysis, tube noise is the limiting factor that 
determines the ultimate sensitivity of an amplifier. 
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COUPLING METHODS 


A single stage of voltage or power amplification normally 
is not sufficient for radio or radar applications. To obtain 
the necessary gain, several stages must often be connected 
together. The output of one stage then becomes the input 
of the next throughout the series of stages, and this arrange- 
ment is called a CASCADE AMPLIFIER. 

A cascade amplifier is designated according to the method 
used to couple one amplifier stage to the next. There are a 
number of methods, each having certain advantages and 
disadvantages, and the choice for a particular application 
depends on the needs of the circuit. The basic methods 
are: (1) resistance-capacitance coupling, (2) impedance 
coupling, (3) transformer coupling, and (4) direct coupling. 

Before considering the details of each coupling method 
it is desirable to establish the equivalent circuit of an 
electron-tube amplifier. The characteristics of an amplifier 
are determined more readily by replacing the tube with its 
equivalent circuit and analyzing this circuit. 


Equivalent Circuit of an Electron-Tube Amplifier 


The analysis of the electron-tube amplifier (fig. 4-12, A) 
is facilitated by the use of an equivalent circuit in which 
the a-c components of current and voltage are present and 
the d-c components are not. The waveforms of current and 
voltage in the actual circuit are shown in figure 4-12, B. 
The equivalent circuit may be either of two forms. 

In the CONSTANT-VOLTAGE GENERATOR FORM of equivalent 
circuit (fig. 4-12, C), the tube is replaced by a generator 
acting in the plate-cathode circuit that develops a voltage, 
—ne, The generator has an internal resistance equal to 
the plate resistance of the tube and is connected in series 
with the load impedance. 

In the CONSTANT-CURRENT GENERATOR FORM of equivalent 
circuit (fig. 4-12, D), the tube is replaced by a generator 
acting in the plate-cathode circuit that develops a current, 
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Figure 4—12.—Simplified amplifier circuits and waveforms. 
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—gme,. Again, the generator resistance is equal to the tube 
plate resistance but in this circuit the load impedance acts 
in parallel with the generator resistance, not in series with it. 
The constant-current generator form is more convenient 
for pentodes in which the plate resistance is much higher 
than the load impedance. 

The minus signs used with the expressions for voltage and 
current in the equivalent circuits indicate merely that these 
signals are of opposite polarity to those of the grid since 
these signals act in the plate-cathode circuit, not in the grid 
circuit. It will be recalled that when the a-c signal applied 
to the grid swings in a negative direction (fig. 4-12, B), 
plate current decreases and the voltage drop across the 
plate load impedance decreases. Since the B-supply voltage 
is constant, the plate voltage increases (swings in a positive 
direction). Thus the grid signal and the plate signal are 
of opposite instantaneous polarity, or 180° out of phase: 

In figure 4~—12, C, the a-c component of plate current is 


ieee 
? ryt+Zz 


The a-c component of output voltage appears across Z, as 
Co=ipZ, 


Hees, 
ty +Z, 


It is thus apparent that the output voltage of an amplifier 
is not simply , times the applied signal. A part of the total 
voltage acting in the equivalent circuit of figure 4-12, C, 
is developed across the internal resistance of the generator 
and is thus not available across the load impedance. The 
load impedance and plate resistance are in effect a voltage 
divider across which the total a-c voltage generated within 
the tube is applied. 

In the constant-current generator form of equivalent 
circuit (fig. 4-12, D), the output voltage is the voltage ap- 
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pearing across the load impedance in parallel with the plate 
resistance. The output voltage is 


ath, 
r,tZ, 


7) 


Ime Zs, 
rytZy 


Since gmn="s 
‘> 





Thus the same output voltage is obtained in both constant- 
voltage and constantecurrent generator forms of equivalent 
circuits. 

The equivalent circuit gives the exact performance of the 
amplifier only to the extent that r, and » (used in the equiva- 
lent circuits) are constant over the range of variations pro- 
duced in the control-grid and plate voltages by the signal 
voltage. Hence, when the signal voltage is small the equiva- 
lent circuit is almost exactly correct; but if the signal voltage 
is increased, the error involved in the equivalent circuit 
becomes proportionately larger. If the exact behavior of 
the amplifier is to be ascertained, the equivalent circuit must 
be modified to take into account the effects produced by 
variations in circuit constants. 


Resistance-Capacitance Coupling 


One of the most widely used methods of connecting ampli- 
fier stages is R-C coupling. Amplifiers coupled in this man- 
ner are relatively inexpensive, lack heavy components, have 
good fidelity over a comparatively wide frequency range, are 
relatively free from undesirable induced currents from a-c 
heater leads, and are especially suitable for use with pentodes 
and high-mu triodes. 
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A resistance-capacitance coupled amplifier (generally 
shortened to resistance-coupled amplifier) can be designed to 
have good response for almost any desired frequency range. 
For instance, it can be designed to give fairly uniform ampli- 
fication of all frequencies in the range from 100 to 20,000 cps. 





OUTPUT 





8 
PENTODE AMPLIFIER CIRCUIT 


Figure 4-13.—Typical resistance-coupled amplifiers. 


R1—Grid-leak resistor. C1i—Input coupling. 

R2—Cathode bias resistor. C2—Cathode bypass capacitor. 
R3—Plate load resistor. C3—Plate supply bypass capacitor. 
R4—Plate decoupling resistor. C4—Output coupling capacitor. 
R5—Second-stage grid resistor. C5—Screen bypass capacitor. 


R6—Screen dropping resistor. 


325772 O—55 —13 185 


Slight modification of the circuits can extend the frequency 
to cover the wide band required in video amplifiers. How- 
ever, extension of the range can be obtained only at the cost 
of reduced amplification over the entire range. Thus the 
R-C method of coupling amplifiers gives a good frequency 
response with minimum distortion, but it also gives low 
amplification. 

Typical resistance-coupled amplifiers are shown in figure 
4-13, together with the names of the various circuit elements. 

In the triode shown in figure 4-13, A, the d-c grid circuit 
includes G, R1, R2, and K; and the a-c grid circuit includes 
G, Ri, C2,and K. In the pentode in figure 4-13, B, the d-c 
screen circuit includes SC, R6, R4, Es, R2, and K; and the a-c 
circuit includes SC, C5, C2,and K. In each case the d-c plate 
circuit includes P, R3, R4, Es, R2, and K; and the a-c plate 
circuit includes P, R3, C3, C2, and K. 

In order that the output voltage may be large, the load 
resistor should have as high a value as practicable. How- 
ever, the higher this value becomes, the greater is the voltage 
drop across it and the lower is the voltage remaining between 
the plate and cathode of the tube. To obtain the required 
effective plate voltage, the voltage drop across the load 
resistor is subtracted from the plate supply voltage. Thus 
there is a practical limit to the size of the plate load resistor 
if the plate is to be supplied with its rated voltage. If a 
larger plate resistor is necessary, the only alternative is to 
increase the plate supply voltage. There is, of course, a 
practical limit to the amount that the plate voltage may be 
increased. An example of the d-c voltage distribution 
around the plate circuit is shown in figure 4-14. The plate 
current is 6 ma and the voltage across the 30 k-ohm load re- 
sistor is 6X30, or 180 volts. The voltage drop across the 
500-ohm cathode resistor is 0.006500, or 3 volts, which 
provides the grid bias for the tube. The plate voltage is the 
B-supply voltage less the drop through R, and Rx, or 
300—180—3=117 volts. 
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Figure 4-14,.—Plate-circuit voltage distribution. 


The screen resistor, R6, in figure 4-13, B, has the necessary 
voltage drop across it so that when this drop is subtracted 
from the B-supply voltage, the rated screen voltage will 
remain. The value of the cathode resistor, R2, is determined 
by the grid bias required and the no-signal plate current. 
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Figure 4-15.—Gain vs trequency of an R-C coupled amplifier for various 
plate loads. 
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For the range of frequencies to be amplified, the cathode 
bypass capacitor, C2, has a low reactance to the a-c compo- 
nent of plate current in comparison with the resistance of R2. 
The decoupling (or filter) circuit, C3R4, tends to prevent the 
a-c component of plate current from flowing through the 
B supply because R4 offers a high series resistance and C3 
offers a low shunt reactance to the a-c signal component. 

Typical frequency response curves for an R-C coupled 
audio amplifier are shown in figure 4-15. The response is 
measured in terms of the voltage gain of the amplifier over 
a range of frequencies. The voltage gain is the ratio of 
e, toe, The gain falls off at very low frequencies because 
of the increase in the capacitive reactance of the interstage 
coupling capacitor, C, (fig. 4-16, A). This capacitor acts in 
series between the source and the load and has developed 
across it an increasing part of the signal voltage as the fre- 
quency is decreased. 

The reduction in gain at the higher frequencies is due to 
the fact that the load resistor (R,) is shunted by the output 
capacitance (C,) of one stage, the input capacitance (C,) of 
the next stage, and the distributed capacitance (Cz) of the 
coupling network. The combined effect of these capaci- 
tances is to increase the part of the total signal voltage 
that is developed across the internal resistance, r,, of the 
generator (fig. 4-16, B) and to decrease the part that appears 
as output voltage, éout. 

MIppLe-FREQUENCY GAIN.—The middle-frequency gain is 
flat and in the example in figure 4-15 is assumed to extend 
approximately from 100 to 200,000 cps. The equivalent 
circuits shown in figure 4-17 represent the active circuit 
components and their connections for the middle-frequency 
range. Figure 4-17, A, illustrates the constant-voltage 
generator form and figure 4-17, B, the constant-current 
generator form. The reactance of the coupling capacitor, 
C., is low at the middle frequencies and thus is omitted be- 
tween R, and R,;. The reactances of the shunting capaci- 
tances, C,, C,, and Cy, are high at the middle frequencies 





EQUIVALENT CIRCUIT - CONSTANT - VOLTAGE 
GENERATOR FORM 


Figure 4-16.—Single-stage resistance-coupled amplifier and equivalent 
circuit. 


and so they too are omitted from the equivalent circuit. 
Thus the equivalent circuits are reduced to include only the 
generator, r,, R,, and R,;. The amplification is independent 
of frequency, and a flat response may be expected. 

In the constant-voltage generator form (fig. 4-17, A), the 
a-c component of plate current is 


hes 7 
Tr t+Req 
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Figure 4-17.—Middle-frequency equivalent circuits. 
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where R,, is the combined resistance of R, and R,; in 
parallel. The output voltage across Pq is 


lo=tpReq 





The voltage gain is 
Co LR og = 
C. TetRa 





For example, if the triode has an amplification factor of 20, 
a plate resistance of 10 k-ohms, a plate load resistance of 50 
k-ohms, and a grid-leak resistance of 100 k-ohms, the 
middle-frequency voltage gain is 


50X 100 
¢e_50-+100_20X33.3_15 y 
es 10 +.20%100 10+33.3 ~. 
50+ 100 








In the constant-current generator form (fig. 4-16, B), the 
output voltage appearing across r,, Ry, and R,; in parallel is 


=; 1 
wea ee 


71 RitRa 


1 
=I 
7 Rit Ra 
The voltage gain is 
Co 1 
eee 
rr Ry Ru 
For example, if an R-C coupled pentode has a plate resist- 
ance of 1 megohm, a plate-load resistance of 0.125 megohm, 
a grid-leak resistance of 0.25 megohm, and a transconduct- 
ance of 900 micromhos, the middle-frequency gain is 
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£900 10-*X — : 
& a pa gee a 
1X10** 0.125X10* * 0.25x10° 


a —ay_ 10° 
=900X10""*X ay 


=69.4 


The voltage gain of 69.4 is less than 10 percent of the ampli- 
fication factor of the pentode because the combined resistance 
across which the output voltage appears is less than 10 percent 
of the pentode plate resistance. 

Low-FREQUENCY LIMIT.—In the lower range of frequencies 
amplified by an R-C coupled amplifier, C,, Cy, Ci, are 
unimportant and are omitted from the equivalent circuit 
since the X¢ ohms are high and are in parallel with R, and 
R,.. The reactance of coupling capacitor C,, however, 
becomes increasingly important at the low frequencies and 
cannot be neglected. A low-frequency equivalent circuit 
is shown in figure 4-18. 

Since X¢ varies inversely with frequency more of the total 
voltage, ue,, appears across C, and less across R,,; as the 
frequency decreases. The approximate frequency at which 
the output voltage falls to 70 percent of its value at the 


C. 





Figure 4-18.—Low-frequency equivalent circuit. 
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middle frequencies is the frequency at which X¢ of the 
coupling capacitor is equal to R,; The approximation is 
applicable to triode amplifiers. The low-frequency limit is 
derived as follows, 

Xe=Ry 


1 
anf, Fe 


I 
IFRCRa 


For example, an R-C coupled triode amplifier has a 
coupling capacitor of 0.04 uf and a grid-leak resistor of 
100,000 ohms. The low-frequency limit is 


fete a 
“2 X0.04X 10-8 X 108 
=39.8 cps. 


The low-frequency limit of approximately 40 cps is the 
frequency at which the output voltage is 70 percent of its 
middle-frequency value. 

Increasing the size of C, lowers the frequency response of 
the amplifier but there is a practical limit. This limit is 
caused by a type of regeneration that may occur between 
several R-C coupled stages supplied by a common plate 
and screen power source. Such regeneration is called 
MOTOR BOATING and occurs when the B-supply source 
impedance is relatively high compared with the X¢ ohms 
of the interstage coupling capacitors. 

Hiau-rrequency Limit.—In the high-frequency range the 
shunting capacitances, C,, Cz, and C,, of the general equiva- 
lent circuit (fig. 4-16, B) become significant. These capac- 
itances limit the output voltage at high frequencies. In 
figure 4-19 these parallel capacitances are combined and 
designated ‘“‘C,.” The high-frequency limit is the frequency 
at which the output voltage falls to 70 percent of its value 
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at the middle frequencies. This limit occurs at the frequency 
at which the X¢ ohms of the shunting capacitance, C,, 
are equal to the combined resistance of r,, Rz, and R,; in 
parallel. Thus 
1 
2nfC, Pw 
and 
at 1 
I-RORe 


For example, an R-C coupled pentode amplifier has a 
plate resistance of 1 megohm, a load resistance of 0.125 
megohm, a grid-leak resistance of 0.25 megohm, and a 
shunting capacitance of 100 uuf. The combined resistance 
of r,, Rx, and R,,; in parallel is 


eels =, 
bee 


Ra= : 
1+ 0.195 + 0.25 





Figure 4—-19.—High-frequency equivalent circuit. 
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The high-frequency limit is 


1 
J=528x 100 X 10-!? 0.077 X 10° 


= 20,700 cps. 


The high-frequency limit of approximately 21,000 cps is the 
frequency at which the output voltage falls to 70 percent of 
its middle-frequency value. The upper-frequency limit may 
be extended by using tubes having low interelectrode capac- 
itances. The upper limit may also be extended by reducing 
R,, but at the expense of mid-frequency gain. 

Wide-band R-C coupled amplifiers are characterized by 
many stages having relatively low gain per stage, large cou- 
pling capacitors between stages, and low-shunting capaci- 
tances. 

The coupling capacitor must have a high d-c resistance 
(low leakage) because it insulates the grid circuit of the 
output stage from the plate voltage of the driver stage. The 
d-c resistance of a coupling capacitor should be at least 50 
megohms. If the leakage becomes appreciable, direct cur- 
rent flows through R,; and the resulting voltage impresses 
a positive bias on the next tube. This condition is especially 
important if an R-C coupled amplifier has a very good low- 
frequency response because in such a case both the grid-leak 
resistor and coupling capacitor are large. 


Impedance Coupling 


Impedance or inductance-capacitance coupling is obtained 
by replacing the load resistor, Rz, of a normal R-C coupled 
amplifier with an inductance, L, as shown in figure 4-20. 
To obtain as much amplification as possible, particularly at 
the lower frequencies, the inductance is made as large as 
practicable. To avoid undesirable magnetic coupling a 
closed-shell type of inductor is used. Because of the low 
d-c resistance of the inductor, less d-c voltage appears across 
it. Thus the tube can operate at a higher plate voltage. 
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Figure 4-20.—impedance-coupled amplifier. 


The degree of amplification is not uniform as it is with 
the R-C coupled amplifier because the load impedance, Z,, 
varies with the frequency—that is, 

Zp=R+ j2afL. 

Since the output voltage appears across Z,, the voltage gain 
increases with the frequency up to the point where the 
shunting capacitance limits it. The shunting capacitance 
includes not only the interelectrode and distributed wiring 
capacitances found in R-C coupled amplifiers but also the 
distributed capacitance associated with the turns of the 
inductor. The distributed capacitance between the turns of 
the coil greatly increases the capacitance to ground and plays 
a major part in limiting the use of this coupling at the higher 
frequencies. 


Transformer Coupling 


A transformer-coupled stage of amplification (fig. 4-21) 
has certain advantages over other types of coupling. The 
voltage amplification of the stage may exceed the amplifica- 
tion of the tube if the transformer has a step-up turns ratio. 
Direct-current isolation of the grid of the next tube is pro- 
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vided without the need for a blocking capacitor; and the 
d-c voltage drop across the coupling resistor, which is nec- 
essary when R-C coupling is used, is avoided. This type of 
coupling is also used to couple a high-impedance source to 
a low-impedance load, or vice versa. Also it may be used 
as a simple means of providing phase inversion for a push- 
pull amplifier without the use of special phase-inverting 
circuits. 

Transformer coupling has the disadvantages of greater 
cost, greater space requirement, the necessity for greater 
shielding, and the possibility of poorer frequency response 
at the higher and lower frequencies. The voltage gain as a 
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Figure 4-22.—Voltage gain vs frequency of a transformer-coupled voltage 
amplifier. 


function of frequency throughout the range in question is 
shown in figure 4-22. The curve shows that the transformer- 
coupled voltage amplifier has a relatively high gain and uni- 
form frequency response over the middle range of audio 
frequencies, but poor response for both low and high audio 
frequencies. 

Like those of resistance-coupled amplifiers, complete 
equivalent circuits of transformer-coupled amplifiers are 
complex networks. An analysis of them can be consider- 
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ably simplified by considering one at a time the equivalent 
circuits for the low, middle, and high frequencies. 

MIbDDLE-FREQUENCY GAIN.—The primary of transformer T 
(fig. 4-21, A) is connected in the plate circuit of V1 and 
the secondary is connected between the grid and cathode 
of V2. An input signal, e,, applied between the grid and 
cathode of V1, appears as an amplified plate signal, e,, 
across the transformer primary. 

At the middle frequencies the reactances of the transformer 
primary inductance, L,, and secondary distributed capaci- 
tance, C, (fig. 4-21, B), are sufficiently high to be considered 
as open circuits and there is no loss of signal voltage in the 
plate resistance of V1. Thus ye, is equal to e,. The second- 
ary output voltage, e;, applied to the input of V2, is equal to 
Ne, or uNe,, where N is the secondary-to-primary trans- 
former turns ratio. 

The simplified equivalent circuit applicable to the middle 
frequencies is shown in figure 4-23. In this figure the 





Figure 4-23.—Equivalent circuit of transformer-coupled voltage amplifier for 
mid-frequency operation. 


primary inductance and secondary distributed capacitance 
have been omitted and resistor r’, includes the plate resist- 
ance and the primary winding resistance in series. The 
transformer leakage reactances are negligible and the output 


voltage, 7 is equal to ye, since there is no drop through r’ ,. 
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The middle-frequency gain is equal to “ or uN. The circuit 


applies to a class-A voltage amplifier in which no grid current 
flows during any part of the input cycle. 

Low-FREQUENCY LimiTt.—At the lower frequencies the 
shunting effect of the interelectrode and distributed capaci- 
tances is even less than it was at the middle frequencies 
(Xc varies inversely with the frequency), and is omitted in 
the equivalent circuit shown in figure 4-24. The reactance, 





Figure 4-24.—Equivalent circuit of transformer-coupled voltage amplifier for 
low-frequency operation. 


wL,, of the transformer primary is reduced at low frequencies. 
The low frequency at which the gain falls to 70 percent of 
the middle frequency gain is the frequency at which wL, is 
equal to r’,. Thus, 
2sfL,=r, 
and 
T, 


5 





For example, an audio voltage amplifier triode has an r, of 
16,000 ohms and a u of 8.5. The coupling transformer has a 


step-up voltage ratio of : and a primary inductance of 
40 henrys. 
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The low frequency limit is 


16,000 
I= oX40 





=63.7 cps. 


The middle-frequency gain is uN, or 8.5X3=25.5. Thus 
the low-frequency limit of 63.7 cps is the frequency at 
which the gain falls to 70 percent of 25.5, or about 17.7 
(fig. 4-22). 

The decrease in the reactance of the transformer primary 
inductance causes a falling off in gain at the lower frequencies. 
The falling off begins at higher frequencies when high-mu 
tubes having high r, are used. The larger the transformer 
primary incremental inductance (inductance with partial 
d-c core saturation) the better is the low-frequency response. 

HIGH-FREQUENCY Limit.—At the high-frequency end of the 
band the reactance of the primary inductance is high and is 
neglected in the equivalent circuit (fig. 4-25). The effect of 


Rs Ls 





Figure 4-25.—Equivalent circuit of transformer-coupled voltage amplifier fo- 
high-frequency operation. 


the shunting capacitance, C,, is appreciable and the output 
voltage appears across it. The leakage inductance of the 
transformer acts in series with C,, r,, and the winding 
resistances. 

These factors are included in the equivalent circuit for 
high-frequency operation which is similar to a series L-O-R 
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circuit having a low Q and operating in the vicinity of the 
series-resonant frequency. The plate resistance and the 
primary transformer winding resistance are included in r’, 
and the secondary winding resistance expressed in terms of 
the primary side is equal to R,. The total leakage inductance 
of both windings is equal to L, expressed in terms of the 
primary. The shunting capacitance, C,, is made up of the 
secondary-winding distributed capacitance and the input 
capacitance of the next tube, and is expressed in terms of the 
transformer primary. 

Although the Q of this circuit is relatively low, the series- 
resonant effect is sufficiently pronounced to increase the gain 
at and near resonance unless precautions are taken to prevent 
this effect. Above resonance the gain falls off rapidly. 
Greatest uniformity of gain occurs in the high-frequency end 
of the band when the Q of the series-resonant circuit is 
approximately 0.85. 

The high-frequency limit is in the vicinity of the series- 
resonant frequency, which is determined by the transformer 
leakage inductance and the effective shunting capacitance. 

For example, the high-frequency end of the band of a trans- 
former-coupled amplifier in which the leakage inductance of 
the transformer is 0.4 henry and the shunting capacitance is 
1,500 micromicrofarads is 


fa 
J 2xVL,C, 
——— 4 ee 
~~ 6.28-0.4X 1,500X 10-# 
=6,460 cps. 


Above this frequency the gain falls off rapidly because of 
the decrease in reactance of the shunting capacitance across 
which the output voltage is developed and also because of the 
increase in reactance of the leakage inductance in series with 
the output. Good high-frequency response is obtained by 
using a transformer having a small distributed capacitance. 
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This effect is obtained by using a low secondary-to-primary 
turns ratio which means a limited voltage gain, and a small 
transformer which means a poor low-frequency response. 
Thus transformer coupling is a compromise between high 
gain and good high- and low-frequency response. 


Direct Coupling 


In each of the coupling circuits that have been considered 
so far, the coupling device isolates the d-c voltage in the plate 
circuit of one tube from the grid circuits of the next tube; but 
they are designed to transfer the a-c component with mini- 
mum attenuation. 

In a direct-coupled amplifier, on the other hand, the plate 
of one tube is connected directly to the grid of the next tube 
without going through a capacitor, a transformer, or any 
similar coupling device. This arrangement presents a prob- 
lem of voltage distribution. Since the plate of a tube must 
have a positive voltage with respect to its cathode, and the 
grid of the next tube must have a negative voltage with 
respect to its cathode, it follows that the two cathodes can- 
not operate at the same potential. Proper voltage distribu- 
tion is obtained by a voltage divider, as shown at A, B, C, 
D, and E in figure 4-26. In this amplifier the plate of V1 






OUTPUT 


B- B+ 
Figure 4-26.—Direct-coupled amplifier. 
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is connected directly to the grid of V2. The grid of V1 is 
returned to point A through R,; The cathode of V1 is 
returned to point B and the grid bias for V1 is developed by 
the voltage drop between points A and B of the voltage 
divider. The plate of V1 is connected through its plate load 
resistor, R,, to point D on the divider. R, also serves as the 
grid resistor for V2. 

Since the plate current from V1 flows through R,, a 
certain amount of the supply voltage appears across R,. 
The amount of voltage developed across R, must be allowed 
for in choosing point D on the divider. Point D is so located 
that approximately half of the available voltage is applied 
to the plate of V1. The plate of V2 is connected through a 
suitable output load, R, to point E, the most positive point 
on the divider. Since the voltage drop across R, may place 
too high a negative bias on the grid of V2, it may be necessary 
to connect the cathode of V2 at point C, which is negative with 
respect to point D, in order to lower the bias on the grid of 
V2 (since the voltages across R, and CD are in opposition). 
Point C, together with the value of R, determines the proper 
plate voltage for V2. 

The entire circuit is a complex resistance network that 
must be adjusted carefully to obtain the proper plate and grid 
voltages for both tubes. If more than two stages are used in 
this type of amplifier, it is difficult to achieve stable opera- 
tion. Any small changes in the voltages of the first tube 
will be amplified and will thus make it difficult to maintain 
proper bias on the final tube connected into the circuit. 
Because of the instability thus encountered, direct-coupled 
amplifiers are practically always limited to two stages. 
Furthermore, the power supply must be twice that required 
for one stage. 

When the tube voltages are properly adjusted to give 
class-A operation, the circuit serves as a distortionless 
amplifier whose response is uniform over a wide frequency 
range. This type of amplifier is especially effective at the 
lower frequencies because the impedance of the coupling 
elements does not vary with the frequency. Thus a direct- 
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coupled amplifier may be used to amplify very low frequency 
variations in voltage. Also, because the response is prac- 
tically instantaneous, this type of coupling is useful for 
amplifying pulse signals where all distortion caused by the 
coupling elements must be avoided. 
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QUIZ 


. Which component (a-c or d-c) of the voltages and currents in an 


amplifier circuit determines the portion of the tube characteristic 
at which operation occurs? * 


. How may transformer coupling make the gain of a stage greater or 


less than mu? 


. What is the primary function of voltage amplifiers? 
. Express the formula for the gain of a voltage amplifier in terms of 


the output and input voltages. 


. Define power amplification. 

. Define plate efficiency. 

. Define power sensitivity. 

. During what part of the input cycle does plate current flow in a 


class-A amplifier? 


. What is the action of class-B audio amplifiers connected in push- 


pull? 


During what part of the input cycle does plate current flow in a 
class-AB amplifier? 


What is the principal use of class-C amplifiers? 


Why must modified resistance coupling be used in video-frequency 
amplifiers? 


What are the effects of grounding the grid and introducing the 
signal in the cathode circuit as shown in figure 4-8? 


Give one advantage of the grounded-plate amplifier over the 
grounded-grid amplifier. 

What ratio determines whether an amplifier is termed a wide-band 
or & narrow-band amplifier? 
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16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


What type of distortion results when some frequency components 
of a signal are amplified more than others or when some frequencies 
are excluded? 

What type of distortion is introduced when not all the frequency 
components of a signal are passed through an amplifier in the same 
amount of time? 

What type of distortion occurs as a result of operating an electron- 
tube amplifier on the nonlinear portion of its characteristic curve? 
What determines the ultimate sensitivity of an amplifier? 

When resistance-coupled amplifiers are modified to extend the 
frequency range, what is the effect on the stage gain over the entire 
range? 

In a resistance-coupled amplifier, what causes the gain to fall off at 
very low frequencies? 

In the resistance-coupled amplifier shown in figure 4-17, B, 
what causes the gain to fall off at very high frequencies? 

In a resistance-coupled amplifier, to what extent is the frequency 
response affected within the middle range of frequencies by the 
coupling capacitor, the output capacitance of one stage, the input 
capacitance of the next stage, and the distributed capacitance of 
the coupling network? 

Name three advantages of using transformers as interstage coupling 
between voltage amplifiers. 

What causes the reduced gain of a transformer-coupled amplifier 
at the lower audio frequencies? 

Why does the gain of a transformer-coupled amplifier decrease at 
the higher audio frequencies? 

In figure 4-26, what is the polarity of the cathode of V2 with 
respect to the cathode of V1? 

What are two of the good features of direct-coupled amplifiers? 
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CHAPTER 


ELECTRON-TUBE AMPLIFIER CIRCUITS 
DIRECT-CURRENT AMPLIFIERS 
Operation 


Direct-current amplifiers are used to amplify changes in 
direct current or voltage as well as very-low-frequency volt- 
ages. The simplest form of d-c amplifier consists of a single 
tube with a grid resistor across the input and a load con- 
nected in the plate circuit. The load may be an electro- 
mechanical device such as a meter, relay, or counter; or the 
output may be used to control the gain of an amplifier or the 
frequency of an oscillator, as in the automatic-frequency- 
control circuits of microwave receivers. 

The d-c voltage change to be amplified is applied directly 
to the grid of the amplifier tube. Therefore, direct coupling 
(fig. 5-1, A) is required in the input circuit. A capacitor- 
input circuit (fig. 5-1, B) is also shown for comparison. 

In the capacitor-input circuit of figure 5-1, B, graphs of 
the signal voltage, grid voltage, and plate current are shown 
above the circuit. The applied d-c voltage charges the 
capacitor, and momentarily the voltage drop across R, equals 
the applied voltage; and this voltage then appears between 
the grid and cathode of the tube. However, when the capac- 
itor is charged up to the value of the d-c input voltage; the 
current stops flowing through AR, and the grid reverts to its 
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original value, that of the bias voltage. Thus except for the 
original surge of plate current, which occurs when the 
capacitor is charging, there is no increase in voltage across 
R, and hence no amplification. 

In the direct-coupled input circuit of figure 5-1, A, the 
graphs of input signal, grid voltage, and plate current are 
shown above the circuit. The input signal is like that in 
figure 5-1, B, but here the similarity ends. With no input 
signal the negative bias voltage is present on the grid of the 
tube and a steady value of plate current flows. This action 
causes a fixed voltage drop across R,. When a direct voltage 
of the polarity indicated is applied across the input terminals, 
there is no blocking action by a capacitor as in the previous 
case. Instead, the applied signal continues as a steady volt- 
age drop across R, canceling a portion of the negative bias. 
The net bias then drops to the new value indicated in the 
grid-voltage graph. This reduction in grid bias causes a 
greater current flow in the plate circuit, and thus a greater 
drop appears across #,. Thus, the increase in plate current 
is sustained as long as the input signal voltage exists at the 
corresponding level that caused the plate current to increase. 


Use 


One of the most important applications of a d-c amplifier 
is its use as a d-c electron-tube voltmeter. A typical circuit, 
equivalent to the one in figure 5-1, A, is shown in figure 5-2. 





Figure 5-2.—D-c amplifier used as an electron-tube voltmeter. 
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The d-c voltage to be measured is applied via the range 
switch to one of the three taps on the voltage divider which 
is made up of R1, R2, and R3. The purpose of resistor #4 is 
to prevent damage to the tube in the event that too high a 
voltage is applied to the input. In the plate circuit an addi- 
tional d-c voltage and two resistors, 25 and R6, are used to 
balance the meter current to zero when no voltage is applied 
to the input. One of the resistors, 25, is variable and per- 
mits zero adjustment of the meter under no-signal conditions 
by bucking out the voltage applied across the meter by Es. 

If a d-c voltage is then applied to the input, current flows 
through the meter. This current is proportional to the ap- 
plied voltage and its value can be read directly on the cali- 
brated scales (one for each range) of the meter. Various 
modifications permit this basic circuit to be utilized for meas- 
uring other quantities, or even to be incorporated in a 
multitester. 

Another important application of the d-c amplifier is 
shown in figure 5-3. Here the amplifier is employed in two 
of the legs of a bridge circuit that is used to show the exact 
point of balance between two d-c voltages. If the tubes are 
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Figure 5-3.—Balanced d-c amplifier. 
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properly matched and if there is no input signal between ter- 
minals A and B or B and C, no current flow is indicated 
through the meter since the 7R drops across R1 and F2 are 
equal. When unequal signals of the polarity indicated are 
applied between A and B and between B and C, the grid-to- 
cathode voltages of the two tubes are unbalanced. This ac- 
tion unbalances the plate currents and the JR drop across 
Ri and R2. Thus the bridge becomes unbalanced and the 
two d-c voltages may be compared if they are applied simul- 
taneously with the polarities indicated. 

The amount of current indicated by the meter is propor- 
tional to the difference between the two applied voltages. 
Since the meter has its zero position in the middle of the scale, 
the direction that the needle swings indicates which voltage 
is greater. This type of amplifier circuit has many radio and 
radar applications. 

A specific application of a d-c amplifier is its utilization in 
automatic-frequency-control (a-f-c) circuits in microwave 
receivers. Briefly, in such receivers the center frequency of 
the i-f signal must be constant. Any slight variations in the 
transmitter frequency or the local oscillator frequency are 
balanced out by varying the potential on the proper electrode 
of the local oscillator. The intermediate frequency is equal 
to the difference between the transmitter frequency and the 
local oscillator frequency and will vary when either the 
transmitter frequency or the local oscillator frequency varies. 
A discriminator circuit detects these variations in the i-f 
signal frequency and feeds a d-c voltage, which is proportional 
to the variations, to a d-c amplifier. The amplifier output 
is fed to the proper oscillator electrode in such a way as to 
correct for the variation. There are many more important 
applications of d-c amplifiers in communications, radar, and 
industry. 


FEEDBACK AMPLIFIERS 


As the term implies, a voltage feedback amplifier transfers 
a voltage from the output of the amplifier back to its input. 
If the signal is fed back in phase with the input signal it is 
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called PosITIVE, DIRECT, OF REGENERATIVE feedback because 
it adds to the voltage of the input. If the signal fed back to 
the input is 180° out of phase with the applied signal it is 
called NEGATIVE, INVERSE, OF DEGENERATIVE feedback 
because it subtracts from the input voltage. 


Principle of the Feedback Amplifier 


The principle of the feedback amplifier may be understood 
in part from a consideration of figure 5-4. A signal voltage, 
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Figure 5—4.—Feedback employing series injection. 


és, is applied to the input terminals, as shown in the figure. 
Let a portion, fe,, of the output voltage, e,, be fed back in 
series with e, in such a way that the signal, ex, appearing 
between the grid and cathode is of the form 


€x= lst feo, (5-1) 


where 8 is a fractional part of e,. 
Since the normal gain, A, of the amplifier is defined as 


e 
A=—, 
Cex 
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then 
Cp = Aegx. (5-2) 


Substituting the value of e,, from equation (5-1) in equation 
(5-2) gives 
€o=A(e,+fe.), 





and 
— Ae. 
=i pA 
Negative Feedback 


If BA is greater than 1, the quantity 1— 8A is negative and 
the amplification is less than it would be without feedback. 
Thus the amplification is said to be negative or degenerative. 
Generally the feedback factor, 8A, is so much larger than 1 
that the resultant amplification A, for all practical purposes 
may be expressed as 

1 3 
A,= 3 (5-3) 

ApvantTaGEs.—Negative feedback may be used to reduce 
the nonlinear distortion—that is, to make the output wave- 
form more nearly similar to the input waveform by reducing 
nonlinearities that are introduced within the amplifier tube 
itself. This use may be understood by the following con- 
siderations. 

The input signal applied to the grid of an electron-tube 
amplifier is amplified by an amount determined by the u of 
the tube, but any nonlinearities introduced within the tube 
are not amplified. If portion, 6A, of the output is fed back 
180° out of phase with the input, the distortion component 
of this feedback voltage will be amplified along with the 
input signal. The amplified distortion component will tend 
to cancel the distortion component introduced within the 
tube, and the output may be practically free of nonlinear 
distortion. It is necessary that the distortion occur in the 
plate circuit of the stage across which negative feedback is to 
be applied, in order to separate the distortion from the desired 
signal. 
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However, the over-all gain of the desired signal will also 
be reduced; but this reduction may be compensated for by 
increasing the number of stages. Distortion caused by the 
flow of grid current cannot be corrected by negative feedback 
because this distortion occurs at the source and not within 
the amplifier tube. 

The resulting gain, A, (with feedback considered), is 


fo. 
A= si 
therefore, 
A 
Apa 


The resultant amplifier gain is expressed in terms of the 
gain without feedback, A, and the fraction of the output, 8, 
fed back to the input. A,, A, and B may be complex 
quantities. 


Positive Feedback 


If the quantity 1—8A is less than 1, the gain of the am- 
plifier is increased over what it would be without feedback, 
and the amplifier is said to be positive or regenerative. 
Under these conditions the response curve is sharpened and 
the gain is increased, but the frequency range of uniform 
response is reduced. Thus positive feedback affords both 
an increase in gain and an increase in selectivity. 

The increase in gain, however, is accompanied by an ex- 
aggeration of any undesirable distortion or noise that was 
introduced within the amplifier itself. For this reason posi- 
tive feedback is not used if a distortionless output is re- 
quired. If the feedback factor, BA, is increased until it is 
equal to 1, the quantity 1—8A reduces to 0; and the resultant 
gain theoretically becomes infinite, or at least large enough 
to sustain oscillations. Under this condition no input volt- 
age is required to obtain an output voltage and the amplifier 
becomes an oscillator. This aspect of feedback is discussed 
in chapter 7 on oscillators. 
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Noise introduced within an amplifier may be reduced by 
negative feedback in the same manner that nonlinear dis- 
tortion was reduced; and the same limitations apply—that 
is, for feedback to be effective, the noise to be canceled out 
must be that which is generated in a tube around which the 
feedback is applied. Thus, thermal agitation, induced hum, 
microphonics, and shot effects introduced in the early stages 
of a receiver cannot be reduced by negative feedback unless 
the feedback is applied at those stages. 

Negative feedback in those stages would not be practical 
because the amplification, particularly at the high frequencies 
encountered in most radar receivers, is low and negative feed- 
back would reduce it even more. Additional stages, each 
with its own circuit noises, would have to be added to make 
up for the reduced gein. Negative feedback is very effective, 
however, in reducing noises, particularly hum, introduced in 
the high-level (high-power) stages of an amplifier. If that 
part of the output voltage fed back to the input is obtained 
by means of a resistance network the resultant amplification 
is essentially independent of frequency. 

When it is desired to have the amplification vary in some 
specific manner with respect to frequency, the negative feed- 
back network through which 8 is obtained may be designed 
to attenuate those frequencies that are desired in the output 
of the amplifier. For example, if the high frequencies are 
to be amplified more than the low frequencies, the high fre- 
quencies must be attenuated in the feedback network more 
than the low frequencies. Only the low frequencies will be 
fed back to the grid in phase opposition to the input signal 
and will therefore be reduced in the output. 

The over-all gain of a negative feedback amplifier can be 
made substantially independent of the magnitude of the 
load impedance provided the load impedance does not inter- 

fere with the feedback signal. This may be understood if 
it is assumed, for example, that as the effective load resist- 
ance is reduced, the a-c component of the plate voltage tends 
to decrease. Accordingly there is less negative feedback and 
the amplitude of the grid signal is increased. Thus, the 
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increased grid signal offsets the tendency of the output 
voltage to drop and the over-all gain is approximately con- 
stant. On the other hand, if the effective resistance of the 
load is increased, the a-c component of plate voltage will 
tend to increase and the negative feedback will increase. 
Thus the amplitude of the grid signal is decreased and the 
tendency for the output voltage to rise is checked. Again, 
the over-all gain is held approximately constant. 

Since the gain is proportional only to the feedback factor, 
the gain is independent also of such factors as variations in 
supply voltages or aging of tubes. 

In negative-feedback amplifiers nonlinear distortion, noise 
originating within the tube, and frequency distortion may 
be reduced. In other words, amplitude and phase char- 
acteristics can be corrected by means of negative feedback. 
Likewise, the effects of variations in load and plate voltage 
supply, as well as the effects of tube aging, may be effectively 
counteracted. The price paid for these advantages is a 
reduction in gain—that is, an increase in the number of 
stages. 

METHODS OF OBTAINING NEGATIVE FEEDBACK.—In a 
practical amplifier negative feedback may be obtained in a 
number of ways and it may involve one or two stages and in 
rare instances more than two stages. Also, it may employ 
voltage feedback, current feedback, or a combination of 
voltage and current (compound) feedback . 

Voltage feedback is obtained by means of a voltage divider 
network, C1R1R2, as shown in figure 5-5. In this circuit 
a part of the output voltage appearing across the primary 
of the output transformer, 72, is fed back through the 
coupling network, C1R1, in series with the secondary of the 
input transformer, 71, as the voltage drop across R2. 

To analyze the action, assume that the input signal causes 
the grid voltage to swing in a positive direction. The plate 
voltage falls as plate current increases. During this time 
capacitor Cl discharges through R1 and R2. The voltage 
drop across 2 has a polarity that makes the top end of R2 
negative with respect to ground. Thus the voltage across 
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Figure 5-5.—Degenerative amplifier employing voltage feedback. 


R2 is in phase opposition with respect to the secondary 
voltage of T1. The grid-cathode signal is therefore equal to 
the difference in the secondary voltage of 71 and the feedback 
voltage across R2. 

Another method of obtaining negative feedback is illus- 
trated in figure 5-6. This method employs current feedback. 
Here the cathode resistor bypass capacitor has been omitted. 
The degenerative action may be analyzed as follows: As- 
sume that the input signal swings the grid voltage in a posi- 
tive direction. The increase in plate current causes an 
increase in the voltage drop across R,. Since R, is not by- 
passed, plate circuit signal currents flowing through RF; will 
add to the bias produced by the no-signal component. The 
grid-to-cathode voltage on the positive half cycle is equal to 
the difference in the input and the drop across R,;. Thus the 
magnitude of the grid voltage swing in a positive direction is 
not as great as it would be without feedback because the drop 
across F, is increased. 
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Figure 5-6.—Degenerative amplifier employing current feedback. 


Similarly on the negative half cycle the input signal 
swings the grid voltage in a negative direction and plate 
current decreases. The decrease in current through R, 
causes a decrease in the voltage across R;. During this half 
cycle the grid-to-cathode voltage is equal to the sum of the 
input voltage and the drop across R;. Thus the magnitude 
of the negative swing of grid voltage is less than it would be 
without feedback because the drop across R, is less. 

The fact that an output voltage, opposite in phase to the 
input voltage, may be developed across an unbypassed 
cathode resistor is used in designing cathode followers and 
phase inverters. These circuits are considered later in this 
chapter. 

If proper phase relations are established, negative feedback 
involving more than one stage may be employed. Figure 
5-7 shows a 2-stage negative feedback amplifier employing 
voltage feedback. In this case special attention must be paid 
to the phase relations throughout the circuit. 

Assume that at a given instant the input voltage is such as 
to make the grid of V1 less negative. Plate current then 
increases in V1 and the plate voltage decreases, causing the 
grid of V2 to become more negative. At the same time the 
plate of V2 becomes more positive because of the reduction in 
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Figure 5-7.—Degenerative 2-stage amplifier employing voltage feedback. 


plate current. This increase in potential causes an increase 
in the charge of Cl. The charging current flows from ground 
up through R2 and R1 to the left plate of C1, making the top 
end of R2 more positive with respect to ground. The in- 
crease in voltage across 2 acts in series with the input and 
the bias across R, to reduce the magnitude of the positive- 
going signal impressed on the grid. In short, the grid input 
signal is reduced by the amount of the feedback voltage 
because these two voltages are 180° out of phase. 

Various combinations of voltage and current feedback cir- 
cuits may be employed to satisfy specific requirements. 
Thus, a compound feedback employing both current and 
voltage feedback may be employed in a single stage, or 
current feedback may be used in one stage of a 2-stage ampli- 
fier section, and in addition voltage feedback may be em- 
ployed between the stages. 


TUNED AMPLIFIERS 


A part of the coupling circuit of a tuned amplifier is a 
parallel resonant circuit. Such circuits are used because 
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they offer high impedance at the desired frequency and low 
impedance at other frequencies, thus permitting the ampli- 
fication of a relatively narrow band of frequencies. In 
addition, the limitations imposed on untuned amplifiers by 
interelectrode and distributed capacitances are used to 
advantage because these capacitances become a part of the 
tuned circuit. These amplifiers may be single- or double- 
tuned depending on whether the plate circuit only or both 
the plate and the grid circuits contain parallel-tuned circuits. 

The three basic tuned-amplifier circuits are shown in 
figure 5-8. Each circuit has specific applications. For 
example: The single-tuned resistance-coupled amplifier (fig. 
5-8, A) might be used with various modifications to deliver 
energy from a class-C power amplifier; the single-tuned 
transformer-coupled amplifier circuit (fig. 5-8, B) might be 
used as a class-A r-f voltage amplifier (preselector) ahead of 
the first detector in a superheterodyne receiver; and the 
double-tuned transformer-coupled amplifier circuit (fig. 5-8, 
C) might be used as an intermediate frequency stage of am- 
plification between the first and second detectors in the 
superheterodyne receiver. 

A better understanding of how these circuits operate 
may be had if the equivalent circuit of each basic amplifier 
is presented along with a brief analysis of the circuit. 


Analysis of Single-Tuned R-C Coupling 


The simplified equivalent circuit of figure 5-8, A, is shown 
in figure 5-9. In figure 5-9, capacitor C includes the 
capacitance of the tank tuning capacitor, stray capacitances, 
and the output and input tube capacitances. The capaci- 
tance of the series coupling capacitor is large and its im- 
pedance is negligible. Thus it has been omitted from the 
equivalent circuit. The tank coil, Z, resonates with C at 
the desired frequency. The plate resistance, r,, of the 
amplifier stage and the grid-leak resistance, R,, of the next 
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DOUBLE-TUNED TRANSFORMER COUPLED 
Figure 5-8.—Basic tuned-amplifier circuits. 





Figure 5-9.—Equivalent circuit of a single-tuned amplifier-—constant-current 
generator 


stage are in parallel with the tank. The amplification or 
voltage gain (A) is 


A=t= ws ttle Zny 


& 


where Z, is the combined impedance of the parallel circuit. 

At resonance, the impedance of the parallel resonant 
tank, CL, is large and resistive and is equal to Q times the 
reactance of either C or L. Therefore, 


R,=X,Q=aLQ=2xf,LQ, 


where Q is the effective value of the tank circuit alone 
(r, and R, omitted) and f, is the resonant frequency. 

The total impedance of the circuit, including the imped- 
ance of the resonant tank, CL, in parallel with r, and R, is 


Fie 


r,t oLQ*R, 
«LQ 
+8 og TG 


The amplification at resonance becomes 
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= nel Q 
; joe jae 


Normally, for the type of tube generally used, R, is 
high with respect to the impedance, wZQ, of the resonant 
tank, and for pentodes, r, is very high. The approximate 
amplification may be expressed as 


AxgnwLQ. 
Analysis of Single-Tuned Transformer Coupling 


The derivation of an expression for the voltage gain of 
the single-tuned transformer-coupled amplifier may be more 
easily understood if the following considerations are stated 
first: The voltage induced in the secondary, L2, by the 
primary current, i,, is equal to wMi,, where M is the mutual 
inductance between the primary and the secondary. This 
induced voltage is multiplied by a factor, Q, to obtain the 
output voltage across C because of the resonant voltage 
rise in the tuned circuit. (See fig. 5-10). 

The output is now established as 


=QuMi,. 


Because r, is large with respect to wZ, and the effect of 
the presence of the tuned secondary on the primary is 
slight (low coupling), the primary current is dependent upon 
we,andr,. The expression for primary current then becomes 


ara 
and, therefore, 
on eM, 
Tp 
Since = is equal to gm, 
? 
€o.=QuMgnes 
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Figure 5-10.—Equivalent circuit of © single-tuned transformer-coupled 
amplifier-—constant-voltage generator form. 


and 


gain= = 2eMInt _ O49. 


Thus, a high-gain amplifier has a low-loss tuned circuit and 
employs a tube having a high mutual conductance. 


Analysis of Double-Tuned Transformer Coupling 


As indicated in figure 5-11, the double-tuned transformer- 
coupled amplifier has a band-pass characteristic which 
depends in part on the degree of coupling and in part on 
the circuit Q’s. 

Under proper operating conditions essentially uniform 
amplification of a relatively narrow band of frequencies may 
be achieved and amplification of frequencies outside this 
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band may be sharply reduced. These characteristics make 
this type of coupling highly desirable in intermediate ampli- 
fiers in both radio and television receivers. 

Since the slope of the response curve is not perfectly 
vertical, the circuit cannot completely discriminate against 
frequencies just outside the desired channel without also 
attenuating to some extent the frequencies at the upper and 
lower limits of the pass band. However, double-tuned 
amplifiers approach an ideal band-pass characteristic much 
more closely than single-tuned amplifiers, which have 
rounded response curves. 

To aid in the derivation of the gain formula for the double- 
tuned transformer-coupled circuit, the concept of coupled 
impedance is utilized. The effect of the presence of the 
tuned secondary on the primary is the same as if an imped- 


2 
ance, oH » had been added in series with the primary. 





This quantity is known as COUPLED IMPEDANCE. 

The coupled impedance, Ze (fig. 5-12, A), acting in series 
with the primary and caused by the presence of the secondary, 
is equal to the ratio of the voltage induced in the primary by 
the secondary, to the primary current. Thus, 


Zo; (5-4) 
Vp 
and by definition, 
€ a= oMi,. (5-5) 


Substituting ¢ma from equation (5-5) in equation (5-4), 


z= 20 (5-6) 
By Ohm’s law, 
u=z (6-7) 


If the value of i, from equation (5-7) is substituted in 
equation (5-6), 
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om & 
z= Sy S (5-8) 
i, : 
By definition, 
e.=wMi,; (5-9) 


and if the value of ¢, from equation (5-9) is substituted in 
equation (5-8), as 
aM? 
oe ae 
ee ay he he 








It is helpful in analyzing the circuits of double-tuned 
transformer coupling to deal with the secondary as if it were 
coupled in series with the primary. 

An expression for the gain of a double-tuned transformer- 
coupled pentode amplifier (fig. 5-12, B) may be derived by 
the use of the equivalent circuit shown in figure 5-12, C. 

The following symbols are used in this derivation: 


signal voltage applied to pentode grid 

capacitance of capacitor Cl 

capacitance of capacitor C2 

inductance of primary L1 

inductance of secondary L2 

output voltage across capacitor C2 due to resonance 
current in primary 

. current in secondary 

mutual inductance of L1 and L2 

Qef 

voltage induced in secondary by transformer action 
equivalent signal voltage acting in equivalent series circuit 
series impedance of secondary 

- series impedance of secondary resonance 

series impedance of primary before coupling secondary to it 
impedance coupled into the primary circuit by secondary 
pentode plate resistance 

equivalent series resistance of pentode plate resistance 
coefficient of coupling 

effective Q of primary circuit 

effective Q of secondary circuit 

capacitive reactance of Cl 

Xc_------ capacitive reactance of C2 


227 





“4N2W19 ssDd-puDg j-1 apojuad D 
Ul UJOK aBOYOA soy uoyssaidxa uD Buyauap 10y pasn syN21>—ZI-¢ aunbly 


Q3AIN30 SI 42 HOIHM WOYS LINDYID 


a 
ban 
Tom 4 
om 9y 
saa) 4 
bart 3 Td 
dy 





YBIdITdWY SSVd-ONV8 300LN3d 
g 





LINDHID S3IN3S LN3STVAINDS 


% 


SONVG3dW! G371dNOD YO NOISS3YdxX3 
NV 3AI830 O1 G3SN LINDHID G3I4INdWIS 


v 
ie 
® () 
sz da 
7, a7 


5 ne 4 
ONITdNOD IWALOW=W ; 





228 


‘The current in the secondary (fig. 5-12, C) is 
e, wMi; 


h= ZZ,’ (5-10) 





since the voltage induced in the secondary of a transformer 
by the primary current, 7, has a magnitude of wM/i,. 
The primary current is 


ep 


et Al (5-11) 


where e, is the equivalent voltage acting in the equivalent 
series circuit. This voltage is derived as the voltage appear- 
ing across C1 (fig. 5-12, D) when L1 is removed from the 
circuit. Thus, 


@=1Xa1 (5-12) 
and, since r,>Xq, 
ins, (5-13) 
Tp 


where i is the current in Cl when L1 is removed from the 
circuit. Substituting the value of 7 from equation (5-13) in 
equation (5-12), 


ane, 
? rywC 


Substituting the value of 7, from equation (5-11) into 
equation (5-10) and simplifying, 


wMe 
= ZLABD. (5-14) 


k= 








ORs 
0M 7,42, 
Zz, 

The impedance, Z,, is 


2,2 (5-15) 


229 


Substituting the value of coupled impedance from equation 
(5-15) into equation (5-14), 


wMe, 
~Z,Z,4+ (wy (ol 


At resonance, Z, and Z, are both resistive. Z, is equal to 


a Z, is equal to on M is equal to kyZ,L,. Substi- 
P a 


(5-16) 


tuting these values in equation (5-16), 
wiih La ty (5-17) 


Substituting gm for R in equation (5-13) and the value of 
e 
i from equation (5-13) into equation (5-12), the equivalent 
signal voltage acting in the equivalent series primary circuit 
is 

€y=GmepXci- (5-18) 

The output voltage is 
€o=i2Xc2. (5-19) 


Substituting the value of e, from equation (5-18) in 


(5-17) and the value of 72 from equation (5-17) in (5-19), 
the output voltage becomes 


ae 1D, tVLiLe gmeeXciXcr_ (5-20) 


“CEB 


At resonance Xq,=X,, and X~=Xz:. Simplifying equation 
(5-20), the output voltage becomes 


_wkyLiLs gnesXorXca 
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7 (5-21) 
aat® 
Therefore, at resonance, the voltage gain, (A) is 
gain=~ te__gnok Vials La (5-22) 
&, 
zate 


From equation (5-22) it is apparent that the gain at reso- 
nance varies directly with g,, and therefore the value of gn 
should be high to keep the gain satisfactorily high. The 
gain also depends upon the Q of the circuits. In general, 
adding turns to a coil increases the inductive reactance in 
proportion to the square of the turns and the effective 
resistance more nearly in proportion to the first power of the 
turns so that increased inductance is equivalent to an increase 
in Q. For a given resonant frequency the L-C product is 
fixed so that an increase in L requires a decrease in C and 
the Z-C ratio is increased. Thus an increase in the L-C 
ratio is equivalent to an increase in Q and amplifier gain. 

To illustrate the order of magnitude of the various quan- 
tities involved in equation (5-22), the gain of an intermediate 
frequency amplifier is calculated by substituting the given 
values into the equation. 

The constants of the i-f amplifier circuit are as follows: 

C,=C,=94 upt 
L,=L,=4,000uh 
9m= 1,600 micromhos 
=1,200 
7,=800,000 ohms 
Coil Q’s=50 
k=0.03 
M=120X10~* henry 
Fo=260 ke 
=0.096 mv 


X= wl, =6.28 X 260 X 10° X 4,000 X 10-*=6,530 ohms 


2 2 
R= = E:530) 53.2 ohms 
? ? 


Coil resistance= =O = 130.6 ohms 


50 
= 7g p= 386 (taking into account the effect 
130.6+ 53. of the pentode) 


The voltage gain at resonance is (equation 5-22) 





gain= 1,600 x 10-* 6.28 X260K10°X 0.034 K 10-7 X4X 10° _o14. 


1 
35.6 x50 t (0-003)? 


Thus a pentode amplifier having an amplification factor 
of 1,200 provides a voltage gain of approximately 214 at an 
intermediate frequency of 260 ke. 

A better understanding of the gain at resonance, as well 
as the response throughout the pass band of a double-tuned 
transformer-coupled stage, may be gained from a further con- 
sideration of the curves of secondary current versus fre- 
quency, as shown in figure 5-11. 

When the coefficient of coupling in figure 5-11, A, is low, 
the response is sharply peaked at the resonant frequency and 
the pass band is very narrow. As the coupling is increased 
to the critical value, maximum current flows in the secondary, 
and the output voltage across the secondary is also at its 
maximum. At this point (critical coupling) 


1 
i=} 
V0,Q. 
and, if the Q’s are equal, 


et 


Q 


The pass band is still relatively narrow and would attenuate 
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the side band frequencies farthest removed from the resonant 
frequency. 

If the coupling is further increased until the optimum 
value is reached the gain is still relatively high; but the pass 
band has been increased and the response is essentially 
uniform. At this point (optimum coupling) 


1.75. 


k= 
¥Q,Q 


and, if the Q’s are equal, 
1.75 
Q 


As the coupling is again increased the humps at F, and 
F, are well defined and the gain at resonance is considerably 
reduced. Although the pass band is now much wider, the 
gain throughout the band is not sufficiently uniform. 

The two humps in the curve are due to the reactance that 
is coupled into the primary on each side of resonance as the 
coupling is increased. Below resonance this reactance is 
inductive, and above resonance it is capacitive. For the 
same frequency the coupled reactance has the opposite sign 
to that of the primary and the impedance of the primary is 
therefore reduced. Accordingly there is an increase in 
primary current at frequencies slightly off resonance, and a 
corresponding increase in secondary induced voltage and 
current at these frequencies. 

The width of the pass band may be as important as the 
response within the band. The approximate width is 


k= 


width of pass band=kf,, 


where f, is the resonant frequency which is the center of the 
pass band. 

The frequencies at the two humps, F, and F,, which 
define the practical lower and upper limits of the pass band 
are determined by the following equations: 
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Figure 5-11, B, shows the effects of varying the Q while 
maintaining a constant coefficient of coupling. Actually, 
the desired response curve could be achieved by the proper 
manipulation of both & and Q because they are interrelated . 

From the foregoing equations it is seen that in order for 
the pass band to be wide, & must be large and the circuit Q’s 
small. However, the proper relation between k and the Q’s 
is essential if both the desired bandwidth and the desired 
response within the bandwidth are to be maintained. 

To increase k, the coils are brought closer together. To 
lower the Q’s, the coils are shunted with suitable resistors. 
The lower the shunting resistance, the lower will be the 
circuit Q. 


Modifications for High-Frequency Operation 


When the frequency to be amplified is very high, conven- 
tional r-f and i-f amplifiers require special circuit. modifica- 
tions, The circuit of a high-frequency tuned amplifier used 
at radar frequencies and requiring such modification is shown. 
in figure 5-13. Tuning is accomplished by means of a small 
coil which resonates with its own distributed capacitance and 
the interelectrode capacitance of the tube. It is tuned by 
either a brass slug which acts as a short-circuited turn or by 
a powdered iron core. Both methods vary the effective 
inductance of the coil and thus the resonant frequency of the 
amplifier stage. 

Other features of this amplifier may be summarized as 
follows: The interelectrode capacitance of the tube must be 
low so that the coil will be large enough to be tuned con- 
veniently. Since a wide band of frequencies is to be amplified, 
the load resistance must be low also. The tube must have a 
high transconductance. 
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Figure 5-13.—Tuned amplifier for operation at radar frequencies. 


The input capacitive reactance of a tube, such as the one 
in figure 5-13, varies inversely with the frequency of the a-c 
component of grid voltage, thus causing frequency distortion. 
Therefore, a part of the cathode resistance is unbypassed so 
that the correct amount of degeneration to overcome this 
distortion will be introduced. 

Because of the low plate load, the plate supply voltage 
is also low, in this case lower even than the screen-grid 
voltage. The suppressor is returned to ground rather than 
to the cathode to increase the negative potential of the 
suppressor with respect to the plate. 

Double tuning is seldom used because of the restrictions 
imposed by this type of amplifier on bandwidth. 


VIDEO AMPLIFIERS 


Video amplifiers such as those used in modern television 
sets are designed to give essentially uniform amplification of 
all frequencies from 30 cps to over 4 mc. Audio-frequency 
amplifiers, on the other hand, are considered good if they 
have a relatively flat response between 30 and 15,000 cps. 
Figure 5-14 compares the response of the two types of 
amplifiers. 
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RELATIVE GAIN 





100,000 10,0C0,000 
100 1,CCO 1,000,000 


FREQUENCY CPS 
Figure 5-14.—Relative frequency response of audio and video amplifiers. 


It has been shown that resistance coupling gives the best 
response over a wide range even at audio frequencies. This 
is especially significant in video amplifiers; however, to extend 
the range at both the low- and high-frequency ends, special 
compensation is necessary in video amplifiers. 


Resistance-Capacitance Coupled Circuits 
The R-C coupled amplifier circuit shown in figure 5-15 





Figure 5-15.—R-C coupled amplifier. 
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indicates the effects that must be overcome if the range is 
to be extended on both ends of the frequency spectrum. 

The high-frequency response is limited by the inter- 
electrode output capacitance, C,; the distributed wiring 
capacitance, Cz, and the input interelectrode capacitance, 
C;. These three capacitances, acting in parallel, shunt the 
load, R,, and reduce the output at the high frequencies. 

The low-frequency response is limited by the reactance of 
the coupling capacitor, C,. Thus at the lower frequencies 
the divider action of C.R, reduces the voltage available 
between the grid and cathode of V2. 

It is obvious that the interelectrode capacitances of the 
tubes and the distributed capacitances of the wiring must 
be kept as low as practicable. Keeping the distributed ca- 
pacitances low requires careful placement of the tubes in 
order in keep the leads as short as possible. 


High-Frequency Compensation 


There are various methods of extending the range of a 
video amplifier at the high-frequency end of the range, but 
perhaps the simplest and most effective is the shunt-peaked 
method, shown in figure 5-16, A. As mentioned previously, 
the gain at high frequencies is reduced because the load is 
shunted by C,, Cy, and C;. These same values can be made 
to extend the range if a small inductor, 1, is inserted in 
series with the load resistor, R,, to form a parallel resonant 
circuit. If the value of L1 is properly chosen so that the 
circuit will be in resonance at the poitnt where the response 
curve begins to fall appreciably, the range can be extended. 
The value of L1 is critical. If the value is not correct, the 
amplification may be increased before the point at which 
the response curve begins to fall, with the result that fre- 
quency distortion ensues. 

Series compensation may also be used to extend the range 
at the high-frequency end, as indicated in figure 5-16, B. 
In this instance an inductance, L2, of the proper value is 
added in series with the coupling capacitor, C,, so that a 
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SHUNT COMPENSATION 





SERIES COMPENSATION 


Figure 5-16.—High-frequency compensation. 
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series-resonant circuit is formed with the parallel combina- 
tion of Cz and C; At resonance, increased current will 
flow through these capacitances and larger output voltage 
will be applied between the grid and cathode of V2. 

The high-frequency peaking effect of shunt compensation 
in addition to the increased gain of series compensation may 
be obtained if both of these methods of compensation are 
used in the same coupling circuit. There are other factors, 
however, such as the transient response, which have to be 
considered in a network such as this. 


Low-Frequency Compensation 


At low frequencies, the distributed and interelectrode 
capacitances may be neglected but the reactance of the 
coupling capacitor becomes increasingly important. Since 
the reactance of this capacitor is 


1 
Xo= 3556” 
it becomes appreciable at low frequencies. Consider a volt- 
age divider made up of C, and R, (fig. 5-17) in which the 





Figure 5-1 7.—Low-frequency compensation. 
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reactance of C, is large, as it would be at low frequencies. 
More of the voltage would then appear across (, and less 
would appear across f,. Since in some practical applica- 
tions the voltage gain must be maintained within 70 percent 
of the mid-frequency gain, this loss at low frequencies could 
not be tolerated. 

The capacitance of C, could be increased, but such a pro- 
cedure would increase the stray capacitance and thus cut 
down the high-frequency gain. 

Another factor that is perhaps more important than the 
loss of gain is the large shift in phase that occurs at these 
frequencies. If 10 stages of video amplification are uscd, 
a phase shift (lead) of about 2° is all that can be permitted 
for each stage. 

The phase shift can be reduced by employing a large value 
of coupling capacitance and the largest permissible grid-leak 
resistance; but both of these expedients have their disad- 
vantages also. 

Amplifiers that do not have as critical requirements as 
video amplifiers may be made to operate satisfactorily by 
using large cathode and screen bypass capacitors and a 
coupling capacitor as large as practicable. Video amplifiers, 
however, require special compensation at the low frequencies. 

Both the loss in gain and the increase in phase shift may 
be corrected by dividing the load resistance into two parts 
and bypassing one part with a capacitor. A circuit employ- 
ing this method of low-frequency compensation is shown 
in figure 5-17. 

The load resistance is made up of two parts, R, and R,, 
of which R, is bypassed by C. At the higher frequencies 
the load is effectively R, because R, is bypassed by C which 
has a low reactance at these frequencies. At low frequen- 
cies, however, C offers a high impedance and the load is 
effectively R,+R.. This effective load increase causes a 
greater proportion of the plate signal to appear as output 
and thus counteracts the normal drop at the low frequencies. 
Care must be used in selecting the values of R, and C'so that 
uniform gain can be extended into the lower frequencies 
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beyond the point where the gain begins to fall off. Dis 
tortion will occur if the gain takes place before the curve 
begins to fall off. 

Another component influencing low-frequency gain is 
the cathode-bypass capacitor. In order to prevent degener- 
ation from occurring at the lower frequencies because of 
inadequate shunting, the capacitance of the cathode-bypass 
capacitor must be great enough to offer low impedance 
(with respect to the cathode resistor) at the lowest frequency 
to be amplified. Thus in video amplifiers the capacitances 
of cathode bypass capacitors are many times those of com- 
parable audio amplifiers. 


CATHODE FOLLOWERS 


To achieve uniform response over a wide frequency range 
it has been shown that an amplifier should have a low 
effective input capacitance and a low effective load imped- 
ance. The over-all response may also be improved by the 
use of degenerative feedback. The cathode follower possesses 
these qualities, and in addition it may be used to match 
the impedance of one circuit to that of another. 

The cathode follower is a single-stage class A degenerative 
amplifier the output of which appears across the unbypassed 
cathode resistor. The high input impedance (no grid current) 
and the low output impedance make it particularly useful 
for matching a high-impedance source to a low-impedance 
load. Thus, the cathode follower might be used between a 
pulse-generating stage and a transmission line whose effec- 
tive shunt capacitance might be great enough to cause 
objectionable effects. More power, of course, can be delivered 
when the source is matched to the load. For example, a 
conventional amplifier having high output impedance would 
supply less power to a low-impedance coaxial line than 
would a cathode follower having an output impedance that 
corresponds to the load impedance. 

The advantages obtained by the use of a cathode follower 
can be had only at the price of a voltage gain that is less 
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than unity; however, the circuit is capable of producing 
power gain. 

As the name implies, the output voltage roLLows the 
input voltage—that is, it has not only the same waveform 
but also the same instantaneous polarity (phase). 


Cirevit Operation 


A conventional cathode follower is shown in figure 5-18. 
Under no-signal conditions a certain amount of plate current 
flows through R,, and this flow establishes the normal bias. 
When a positive-going signal is applied to the grid, the plate 
current increases. This increase causes an increase in the 
voltage drop across R,, giving the cathode a higher positive 
potential with respect to ground than it had under the 
no-signal condition. When a negative-going signal is applied 
to the grid, the opposite effect occurs. Thus, the output 
polarity FoLLows the polarity of the voltage applied between 
grid and ground. 

Since R, is not bypassed, degeneration occurs both on 
the positive half cycle when plate current through R, 
increases the bias and on the negative half cycle when plate 
current through R, decreases the bias. During the positive 
half cycle, the increase in bias subtracts from the input 
signal and reduces the amplitude of the grid-to-cathode 
voltage. Also during the negative half cycle, the bias adds 
to the input signal and the accompanying decrease in bias 
again reduces the amplitude of the grid-to-cathode voltage. 
Thus, in both half cycles the peak value of the a-c component 
of plate current is decreased and the output voltage is 
correspondingly reduced below the value it would have had 
if degeneration were not present. 


Voltage Gain 


To find an expression for the voltage gain (V. G.) of a 
cathode follower, use is made of the circuits shown in figure 
5-18. The following may be established by inspection of 
part A of figure 5-18: 
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EQUIVALENT CIRCUIT— CONSTANT 
VOLTAGE GENERATOR FORM 
Figure 5-18.—Conventional cathode follower and equivalent circuit. 
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C=C, to, 


Co=bs—€p=iphi, 
and 
€p=€:—€.=€s— igh; 


also, from part B of figure 5-18, 
it ie a 
It follows that 


B(e,—igRy)=tp(rp +R), 


and i, may be solved as 
a (5-23) 


The output voltage is the product of i, and R,; and 


ne,R. 
Tt -(u+I)R: DR, 
Thus, 
ue, Ry 
V.G alot tt DR, uke 
es es rotet Re 


For pentodes, » is large and the term u+1 may be 
reduced to u. The V. G. equation is then reduced to 








V. G= Ry _ fs ; 
Te+R, 14h, 
B Im 
since 
rd 
HB Ym 


It is seen that the denominator of the voltage gain fraction 
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is always greater than the numerator; hence, the gain is 
less than one. 


Input Impedance 


The input impedance of a cathode follower is high, and 
the effective input capacitance is low compared with that of a 
conventional amplifier. Both of these effects result from 
the degenerative action that occurs across the unbypassed 
cathode resistance. 

Under no-signal conditions the grid is negative with 
respect to the cathode. When a positive-going signal is 
applied to the grid the bias is increased, because of degenera- 
tive action, to such an extent that no grid current will flow. 
The result is the same as if the input impedance had been 
increased. On the other half cycle when a negative-going 
signal is applied to the grid, the bias is decreased but no grid 
current can flow and the input impedance remains high. 

The reduced input capacitance results from the fact that 
degeneration reduces the amplitude of the a-c component of 
the grid-to-cathode voltage, or in effect increases the input 
impedance, and thus causes less current to flow through the 
tube capacitances. 

Because of the constant high impedance presented by the 
input to the cathode follower, it presents negligible loading 
to the circuit that drives it. 


Output Impedance 


A mathematical expression for the output impedance of 
a cathode follower is derived as follows: If the numerator 
and denominator of the right-hand side of equation (5-23) 
are divided by »+1, the resulting equation is 


ues 
wt) 


Tp 
phit® 
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Up 





The tube now has an ere factor of i and an 








att 
From the equivalent circuit of figure 5-18, B, the output 
impedance (with ye, shorted) is the parallel combination of 








Therefore, 





Tp 
ut+l 


Beri ce Rus Bur, 


6 [at | G1) Retr, 


The impedance is generally resistive; and if » is very much 
greater than 1 the term (u+1) R, may be reduced to uk, 
and the resulting equation reduced by dividing the numerator 
and denominator by r,. Thus 


Rur, = Ry R, 
uRet+r, uh Rey “Gn +1 


Z= 








ati 


Z2= 








The output impedance is low, and accordingly there is 
a minimum of amplitude distortion of the output signal even 
though current is drawn from the output terminals. 


Distortion Caused by Limiting 


Under normal operating conditions the output of a 
cathode-follower amplifier is practically free of amplitude 
distortion. However, if the input signal swings the grid 
voltage too far negative or positive, the output waveform 
will be limited or distorted in amplitude with respect to the 
input waveform. Beyond a certain negative value of grid 
voltage the plate current will be cut off and any further 
increase in negative grid potential will cause no corresponding 
change in plate current. 

If the signal swings the grid voltage in a positive direction 
far enough for the grid to draw current, the loss in voltage 
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in the driving source limits the output signal and distortion 
again occurs. 

The cathode-follower amplifier may be modified, as in 
figure 5-19, to adjust the grid bias to the correct value if 


pt 





Figure 5-19.—Cathode follower modified to prevent limiting. 


the cathode resistance is greater than the value required to 
give the correct grid bias and if limiting occurs only on the 
negative peaks of the input signal. In this modified circuit, 
the grid resistor, R,, is connected to a point above ground on 
the cathode resistors Ry, and Ry. This point is determined 
by the input voltage level. Thus the grid bias is reduced by 
an amount equal to the drop across Ry. 


Advantages of Cathode Followers 


As previously stated one of the principal advantages of a 
cathode follower is that it can be used to match a high 
impedance to a low impedance. Thus it can take the volt- 
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age developed across a high impedance and supply a low 
impedance load with only a slightly less voltage but with a 
correspondingly large increase in current. One or more of 
the circuit elements of a cathode follower may be varied 
to achieve a more precise impedance match if the match is 
critical. 

When tubes having a high mutual conductance are used, 
the low value of output impedance extends the amplification 
into the upper range of frequencies because the shunting 
effects of interelectrode and distributed capacitances are 
proportionately smaller. The low-frequency response is 
improved by allowing the d-c component of cathode current 
to flow in the load (fig. 5-18, A), thus avoiding the use of 
the series blocking capacitor. 

The degenerative effect caused by the unbypassed cathode 
resistor increases the input impedance. Thus less shunting 
effect is offered to the previous stage, and a better over-all 
frequency response is produced. 

As stated before, the input and output voltages have die 
same instantaneous polarity. When pulses are used it may 
be necessary to feed a positive- or a negative-going pulse to a 
load without polarity inversion. The cathode follower could 
thus serve two purposes—to prevent polarity inversion and 
to afford an impedance match. 

Circuit stability is also improved, as in regular amplifiers, 
by degenerative feedback. Specifically, amplitude distor- 
tion occurring within the tube, the effect of plate-supply 
voltage variations, aging of tubes, production of harmonics, 
and other undesirable effects that occur within the stage are 
counteracted by this type of circuit. 

However, these advantages are achieved at the expense of 
an over-all reduction in voltage gain. Normally, the 
voltage gain is slightly less than unity, but the circuit is 
capable of producing a gain in power. 


PHASE INVERTERS 


Since phase is generally associated with time, it is some- 
what of a misnomer to apply this term to a device that 
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simply changes a positive-going signal to a negative-going 
signal or vice versa. In the case of a sine-wave signal, 
however, the effect is the same as if a 180° phase shift had 
occurred. 

Paraphase amplifiers (phase splitters) produce, from a 
single input waveform, two output waveforms that have 
exactly opposite instantaneous polarities. If these two 
waveforms were produced as the result of a single sine-wave 
input they might be considered 180° out of phase, one 
waveform having been displaced 180° along the time axis. 

One type of phase inverter is the transformer, with which 
the instantaneous polarity of the load may be reversed with 
respect to the source by reversing either the connections of 
the secondary leads to the load or the primary leads to the 
source. A conventional electron-tube amplifier (untuned 
and R-C coupled) also produces an output of opposite 
polarity to the input; and if no gain is desired, various 
methods may be employed to produce unity gain. Either 
single- or two-tube amplifiers may be used to convert one 
input waveform into two output waveforms of opposite 
polarity. Such amplifiers are called PHASE SPLITTERS or 
PARAPHASE amplifiers. 


Transformer Phase Inverter 


In operation, all transformers produce across the secondary 
an induced emf that is opposed to the change in flux produc- 
ing it. The instantaneous polarity of the actual output 
voltage across a load depends on how the leads from the 
secondary are connected. 

Figure 5-20 indicates phase inversion of square waves and 
sine waves. With square waves the polarity has simply 
been inverted. This is also true for sine waves but in this 
case it may be more convenient to refer to the inversion as a 
180° phase shift—in effect, the same result as if the wave- 
form had been moved along the time axis 180°. If no 
change in voltage is desired, a 1-to-1 turns ratio is employed. 

A transformer with a center-tapped secondary or with a 
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Figure 5-20.—Transformer phase inversion. 


center-tapped resistor shunting the secondary, is used in 
class-B push-pull circuits to supply voltages of opposite 
instantaneous polarity to the grids of the tubes, as shown in 
figure 5-21. 





Figure 5-21.—Center-tapped transformer driving a push-pull amplifier. 


If at a given instant the polarity of point X goes negative 
with respect to the grounded center tap, the polarity of 
point Y will go positive with respect to the center tap. Thus 
a negative potential is applied between the grid and ground 
of V2 and at the same time a positive potential is applied 
between the grid and ground of V3. This condition is 
necessary for the proper operation of a push-pull amplifier. 
Of course, the transformer must be tapped at the electrical 
center; otherwise the combined signal present in the output 
transformer will not be symmetrical with respect to the tap. 
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This type of transformer phase inverter has limited ap- 
plication because of distortions and losses inherent in trans- 
formers. For example, the loss in voltage through leakage 
reactance is greater for higher frequencies than it is for 
lower frequencies. The shunting capacitance effect and 
hysteresis losses also increase with frequency. Since in 
many circuits harmonics must be transmitted unattenuated 
and undistorted, the transformer phase inverter is generally 
replaced with a circuit that performs phase inversion without 
the use of transformers. The paraphase amplifier is such a 
circuit. 


Electron-Tube Phase Inverter 


As mentioned before, every electron tube used as a con- 
ventional amplifier introduces polarity inversion—that is, a 
negative-going signal between grid and ground causes a 
Positive-going signal to be produced across the plate load. 
If there is to be polarity inversion with no gain in amplitude, 
some method must be employed to reduce the normal gain 
to unity. One method of reducing the normal gain is 
through the use of degenerative feedback. Degenerative 
feedback is readily obtained by omitting the cathode by- 
pass capacitor. 

Another method of reducing the gain is to employ a 
voltage divider in the input circuit. For example, if the 
normal gain of the tube is 100 the grid is tapped down on 
the divider so that one-hundredth of the available voltage 
is applied between grid and ground. If harmonics are to 
be included some method must be employed to reduce the 
input shunting effects of capacitance. 


Single-Tube Paraphase Amplifier 


One of the simplest forms of single-tube paraphase ampli- 
fiers is shown in figure 5-22. The values of resistors R2 and 
R3 are the same. Therefore the voltage drop across both 
of them is the same, since the same plate current flows 
through both. The instantaneous polarities, however, are 
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Figure 5-22.—Single-tube paraphase amplifier. 


exactly opposite because at the instant a positive-going 
signal is applied to the grid, point X becomes less positive 
with respect to ground and point Y becomes more positive. 
These signals, with the polarities indicated in the figure, 
are impressed across load resistors 24 and #5 through block- 
ing capacitors C3 and (4. (C2 is the plate supply bypass 
capacitor. 

In actual practice this basic type of single-tube paraphase 
amplifier may be modified to avoid some of the degenerative 
action due to the unbypassed cathode resistor or it may 
be compensated to permit a better frequency response. 


Two-Tube Paraphase Amplifier 


A 2-tube paraphase amplifier utilizes 1 tube as a regular 
amplifier and a second tube as a phase inverter, or these 
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functions may be performed by 2 sections of the same tube. 
The combination is frequently referred to as a PHASE 
INVERTER. 

One of the simpler forms of two-tube paraphase amplifiers 
is shown in figure 5-23. V1 operates as a conventional 
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Figure 5-23.—Two-tube paraphrase amplifier. 


amplifier having normal gain, and V2 operates as a phase 
inverter, the input of which is reduced to the same value as 
the input of V1. Thus V2 amplifies the signal as much as 
V1 and the output is essentially symmetrical about the 
zero-voltage reference line. 

A positive-going signal on the grid of V1 causes an increase 
in plate current and a reduction in positive plate potential 
at point X. This reduction in positive potential is trans- 
mitted as a negative-going signal through coupling capacitor 
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C4 to resistors R6 and R7. The grid input to V2 is tapped 
down on resistors #6 and R7 to feed the proper magnitude 
of negative-going signal to V2. For example, if V1 and its 
associated circuit has a voltage gain of 50, the resistance 
of R7 should be one-fiftieth of the total value of R6 plus R7. 
At the instant a positive-going signal is applied to the grid 
of V1 a negative-going signal is thus applied to the grid 
of V2. The positive potential at point Y is increased, and 
a positive-going signal is applied to resistor R8, through 
coupling capacitor (5. At the same time the negative- 
going signal appears across resistors R6 and R7. 

If the operating conditions of the two tubes are carefully 
chosen and the circuits are properly adjusted, the two 
amplified output signals should be essentially undistorted 
and of opposite instantaneous polarity. In actual practice 
this method presents some difficulty because the adjustments 
are critical. However, it is widely used as a means of 
driving class-A push-pull audio power amplifiers. 


QUIZ 


1. Name (a) three types of electromechanical loads and (b) two con- 
trol functions that are applicable to d-c amplifier outputs. 

2. What is the effect of positive feedback on amplifier gain and 
selectivity? 

3. What is the effect of positive feedback on undesirable distortion 
introduced within the amplifier itself? 

4, What is the effect of negative feedback on nonlinear distortion in 
an amplifier stage? 

5. Why cannot distortion that is introduced in the first stage of an 
amplifier be eliminated by negative feedback applied across the 
last stage? 

6. In which amplifier stages (high- or low-level) is feedback more 
effective? 

7. If the high frequencies are to be amplified more than the low fre- 
quencies, what frequencies must be attenuated in the feedback 


network? 

8. How does negative feedback affect the gain of an amplifier? 

Y, Negative feedback employing current feedback may be simply ac- 
complished by leaving out which of the circuit elements? 
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10. 


1. 


12. 


13. 


14. 


15. 


16. 


17. 
18. 


19, 


20. 


21. 


23. 


24. 


25. 


26. 


27. 
28. 


29. 


30. 


What is the phase relation between the voltage feedback and the 

signal voltage in the 1 grid circuit of figure 5-7? 

What. are the relative values of circuit Q and ga in a high-gain 

single-tuned transformer-coupled amplifier? 

In a double-tuned transformer-coupled amplifier, how does the 

coupled impedance act with respect to the primary (in series or in 

parallel)? 

How does the voltage gain vary with gm, and w in a double-tuned 

transformer-coupled amplifier? 

How does an increase in the L ratio of a double-tuned transformer- 
Cc 

coupled amplifier affect the circuit 0? 

What is the effect on a response curve (fig. 5-11, A) of a low 

coefficient of coupling? 

What is the effect on a response curve (fig. 5-11, A) of increasing 

the coupling beyond optimum coupling? 

Shunting a coil in a tuned circuit has what effect on the circuit 0? 

In an amplifier modified for high-frequency operation, why is a 

part of the cathode resistance unbypassed? 

What is the purpose of the coil when the shunt-peaked method of 

high-frequency compensation is used? 

What is the purpose of dividing the load resistance into two parts 

and bypassing one part with a capacitor, as in figure 5-17? 

How does the capacitance of the cathode bypass capacitor in 

figure 5-17 affect the low-frequency gain? 


. Is the relative voltage gain of a cathode follower greater or less 


than unity? 

Why is a cathode follower so named? 

What is the effect of degenerative action in the cathode follower 
on the peak positive grid-to-cathode voltage and on the peak 
negative grid-to-cathode voltage? 

What is the relative magnitude of the output impedance of a 
cathode follower compared with the input impedance? 

Omitting the series blocking capacitor in the cathode-follower out- 
put circuit affects the frequency response in what way? 

What is the function of a paraphase amplifier? an 

What is the objection to using transformers as phase inverters in 
audio amplifiers? 

Name two methods of reducing the gain in an electron-tube phase 
inverter. 

In figure 5-23, why is the resistance of R7 less than that of R6? 


255 


CHAPTER 





AUDIO POWER AMPLIFIERS 
GENERAL 


The primary function of the usual voLTAGE amplifier is to 
increase the voltage of a signal to a higher value without 
distorting the waveform. Under ideal conditions no ap- 
preciable power is consumed from the preceding stage, and 
no appreciable power is supplied to the succeeding stage. In 
general, the output voltage is proportional to the product of 
the input voltage and the mu of the tube. 

The primary function of a power amplifier is to deliver 
power to a load, and any increase in voltage is of secondary 
importance. Since the output power is proportional to the 
square of the grid voltage, the power amplifier must usually 
be preceded by one or more voltage amplifiers to raise the 
voltage to the proper level to operate the power stage. 

Various types of tubes may be used as audio power ampli- 
fiers, including triodes (or tubes operated as triodes) and 
pentodes. The tubes may be operated singly as class-A 
amplifiers; or in pairs as in push-pull stages in which the tubes 
are operated as class-A, class-AB, or class-B amplifiers. 

In general, audio power amplifiers have low amplification 
factors, low plate resistance, and high plate current. In 
order to obtain low plate resistance, the space between the 
plate and cathode is made smaller in a power tube than it is 
in a voltage, amplifier tube. Also, in a power tube the area 
of the plate is made larger and the cathode is designed to 
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supply a larger number of electrons. The grid must not 
block too many of the electrons flowing to the plate; accord- 
ingly the grid meshes are widely separated, and the ampli- 
fication factor is thereby reduced. 

Pentodes used as power amplifiers have higher amplifica- 
tion factors than triodes, but the plate resistance is pro- 
portionately higher. 

Power amplifiers have numerous applications; the most 
familiar perhaps is the output stage of a radio receiver. 
Power is needed to operate the loudspeaker; therefore, the 
last audio stage is operated as a power amplifier. 


CLASS-A TRIODE AMPLIFIERS 


Class-A amplifiers are operated so that plate current flows 
during the entire input-voltage cycle. If the correct operat- 
ing point, load impedance, and input voltage are chosen, 
the output waveform will be essentially the same as the input 
in all respects except for the amplitude. 

Many limitations are imposed on class-A amplifiers if 
they are to be operated with minimum allowable distortion. 
The curvature of the lower portion of the 7,-e, characteristic 
curve places a practical limit on the minimum current that 
may flow in the plate circuit. This limitation, in turn, 
places a limit on the negative swing of grid-signal voltage. 
If class-A, operation is assumed, the positive swing of the 
grid-signal voltage is limited by the magnitude of the bias 
in order that grid current may not flow. 

Because of the need for minimum allowable distortion, 
maximum power output is limited. Maximum power output 
with minimum allowable distortion occurs for the triode 
when the load impedance is twice the plate resistance of the 
tube. This limitation, however, is not serious. 

The efficiency of class-A amplifiers is limited to a low value 
(15 to 25 percent for class-A, operation) because appreciable 
d-c plate current flows during the entire grid-voltage cycle. 
Although its efficiency is low, the class-A amplifier has 
remarkably high fidelity if the proper operating conditions 
are chosen. 
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Load Line 


One of the simplest methods of determining the output 
voltage and current components under a variety of operating 
conditions is by the use of a load line, as shown in figure 
6-1, A. This line is a graph of the equation 


ep>—Es—i,Ri, 


where e, is the instantaneous plate-to-cathode potential, 
Es the plate supply voltage, and i,f,, the voltage drop across 
load resistor R,. 

The J,-E, curves across which the load line is plotted are 
known as STATIC CHARACTERISTIC CURVES because grid volt- 
age changes and the accompanying plate current changes 
occur at constant plate potential. For example, if the grid 
bias is decreased from —35 to —30 volts at a constant plate 
potential, of 250 volts the plate current will increase from 
30 ma to 40 ma, or an increase of 10 ma. 

In contrast to this action, DYNAMIC CHARACTERISTIC J/,-e, 
curves take into account the change in plate voltage that 
always occurs with a change in plate current when a load 
resistor is connected in series with the plate. The load line 
makes possible the calculation of the dynamic characteristic. 
Thus if the grid bias is decreased from —35 volts (point B 
on the load line) to —30 volts, the plate current will increase 
from 30 ma to 33 ma, or an increase of 3 ma. 

Hence, in the examples given the plate current increases 
10 ma using the static curves, and only 3 ma using the dy- 
namic characteristic because in the first case the plate 
voltage remains constant at 250 volts whereas in the second 
case the plate voltage decreases from 250 volts to 235 volts 
because of the increased voltage drop in load resistor R,. 

Load resistor 2, seldom exists as a real resistor but is used 
to represent the equivalent plate-load resistance in order to 
simplify the actual load circuit. For example, the actual load 
circuit might consist of a step-down transformer and its 
associated loudspeaker, in which case the actual B-supply 
voltage would be only large enough to supply the plate 


258 


ip MILLIAMPERES 









356 ~—~=« 0 
#p VOLTS 


A 
LOAD LINE 
ips 20MA 





Hage isov A, +5000. 
ege30V TptRBOOR 4 20x5+100¥ 
Hes 
-35V E_*400v 
8 ¢ 
‘CIRCUIT EQUIVALENT CIRCUIT 


Figure 6-1.—Load line and circuits for a triode amplifier. 


voltage plus the d-c voltage drop in the transformer primary. 
However, the load line is based upon the theoretical B-supply 
voltage that would be required if R, were actually a load 
resistor. 

The terminal points Y and X on the Y axis and the X axis, 
respectively, are easily established. Thus if the electron 
tube resistance could be reduced to zero, the plate current 
would become a maximum value and the B-supply voltage 
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would appear across the load resistance. The plate current 
would be 

ie, 

=A 


This value of i, determines the Y-axis terminal of the load 
line, indicated in figure 6-1, A, as point Y. 

When no plate current flows, the full value of the plate 
supply voltage is applied between the plate and cathode 
because there is no voltage drop across R,. Thus, 


e,=Exz. 


This value of e, determines the X-axis terminal of the load 
line and is indicated as point X. 

When a number of i,-e, curves for various values of grid 
bias are included on the graph, the plate current and voltage 
corresponding to a given bias can be determined at a glance. 
Thus in figure 6-1, A, point A represents a grid bias of —5 
volts. A line drawn horizontally from this point to the Y 
axis indicates a plate current of approximately 50 milli- 
amperes. Likewise a line drawn vertically downward to the 
X axis from point A indicates a corresponding plate voltage 
of approximately 150 volts. 

A line drawn horizontally from point B (the operating 
point where the i,-e, curve for a grid bias of —35 volts 
intersects the load line) to the Y axis indicates a plate current 
of 30 milliamperes. The corresponding plate voltage is 
approximately 250 volts. The same procedure is followed 
in determining the plate current and voltage for point C or 
any other given value of grid bias. 

Point B is called the opERATING POINT because it repre- 
sents the grid bias when no signal is applied. It is therefore 
the point about which the grid voltage will vary when a 
signal is applied. The instantaneous values of plate current 
and voltage may be considered as being determined by the 
position of an imaginary point oscillating about B along the 
load line. The limits of the oscillations are determined by 
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the point at which the grid begins to draw current on the 
positive swing and by the point at which the load line extends 
into the nonlinear portion of the plate-current curves on the 
negative swing. In establishing these limits it is of course 
assumed that the source is capable of supplying the input 
voltage swing between these limits. 

If, as in figure 6-1, A, the grid voltage is assumed to have 
a@ maximum positive swing of 30 volts, then at the positive 
peak of the swing the net voltage impressed on the grid is 
30—35=—5 volts. The plate current at this instant reaches 
its maximum value of 50 milliamperes, and the plate voltage 
reaches its minimum value of 150 volts. At the negative peak 
of the input signal the total voltage between grid and cathode 
is —30—35=—65 volts. The plate current at this instant 
reaches its minimum value of 10 milliamperes and the plate 
voltage reaches its maximum value of 350 volts. 

From the maximum to minimum values the peak a-c plate 
voltage is 

Eqax—Enin_350—150 





é= 2 2 =100 v 
The peak a-c plate current.is 
Fea ae _, 0-10 _ 20 ma. 


2 2 


By the use of the I,-E, curves of figure 6-1, A, the static 
characteristics of the triode may be determined. The plate 
resistance, for example, is the ratio of the change in plate 
voltage to the corresponding change in plate current for a 
constant grid bias—that is 


_4E, _250—200_50_ 
">= 7T, ~ 60-40 =99 725 k-ohms. 

The mu of the triode is the ratio of the change in plate 
voltage necessary to produce a certain change in plate current, 
to the change in grid voltage necessary to produce the same 
change in plate current. Thus, 
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AE, _250—200_50_, 
®"AE, 30-20 10 





The mutual conductance, gm, of the triode is the ratio of 
the change in plate current to the change in grid voltage 
producing it. If the change in plate current is expressed in 
microamperes and the change in grid signal is expressed in 
volts, the transconductance will be expressed in micromhos. 
Thus, 

AI, _(60—40)10°_2010° a 
=o f= = = 2,000 micromhos. 
In=AE, 30—20 10°" 
In terms of « and r, the mutual conductance may be expressed 
as 
9 ae oe =0.002 mhos, or 2,000 micromhos. 
"rT, 2,500 , 

The voltage gain of an amplifier stage is the ratio of the 

signal-voltage output to the signal-voltage input— 


voltage gain=“. 
es 


Under the conditions established in figure 6-1, A, the voltage 
gain is 
watt, 100 
an 30 3.33. 
From the equivalent circuit of figure 6-1, C, yu is 5, r, is 
2.5 k-ohms, and R; is 5 k-ohms. Expressed in terms of 
these values, the voltage gain is 





— wR, _ 5X5 _ 
V. Gah, 266 
Power Output 


The power output of the amplifier of figure 6-1, B, may 
be calculated from the J,-E, curves of figure 6-1, A. The 
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plate voltage swings between 150 v and 350 v as the plate 
current swings from 50 ma to 10 ma. The peak a-c plate 





. 50— ° r 
current is =20ma. The maximum a-c signal voltage 


=1 
s = 100 volts. The power output of the triode 
amplifier is ; 


PpEansans 100X002 ogy, 





The power output may also be calculated from the equiva- 
lent circuit of figure 6-1, C, as the power delivered to the 
load resistor, Ry. 

The voltage output of an amplifier stage is proportional 
to ye, and the power output is proportional to (ye,)?. 

Since ye, acts in series with r, and R, in the equivalent 
circuit, the a-c component of plate current is 


Hey 
ry+Rz 





i,= 
The output voltage appears across R, asi,R,. Thus 


=; R= beehe , 
mtu, Re 





The output power in watts, when J, and £, are effective 
(rms) values, becomes 


—7 pe Heo 
P,=1,E.= (+R (6-1) 


In the example in figure 6-1, C, R, is 5 k-ohms, r, is 2.5 
k-ohms, E£, is 21.2 volts (rms), and wis 5. The power output 
is 

_ (5X 21.2)? K5X10_ 


-=(2.5X10+5X10)" + Watt. 


Since maximum transfer of energy occurs when R,=r,, 
the power output for this condition becomes 
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WE)", _(uE,) 
Se ie ae” (6-2) 


In the example in figure 6-1, C, if R, is changed to 2.5 
k-ohms, the power output becomes 


__(5X21.2)? 


7X2 5x10 2 watts. 





The problem of distortion is present in the power amplifier 
the same as it is in the voltage amplifier and here again a 
balance must be struck between maximum power output and 
minimum allowable distortion. Since the human ear is not 
particularly sensitive to distortion below about 5 percent, 
this much may be allowed in the output circuit. When the 
term “undistorted’’ is used in the following considerations, 
distortion up to 5 percent is allowed. Experiments show 
that when R,=2r, the most noticeable distortion (that due 
to the second harmonic) is reduced to less than 5 percent. 
The reduction in power output, when R,=2r, as compared 
with the power output when R,=r,, is only about 11 percent, 
as shown by the examples in figure 6-1, C. 

Increasing the load resistance in the plate circuit of an 
electron-tube amplifier tends to reduce the slope of the 
i,-e, characteristic curve, as shown in figure 6-2. The curves 
are flattened because the higher the load resistance the lower 
is the voltage that is available at the plate, and consequently 
the lower becomes the plate current. 

In general, the curve will have an appreciable bend if the 
load impedance is equal to the plate resistance of the power- 
amplifier tube. Unfortunately this value of load impedance 
would permit maximum transfer of power. 

As mentioned previously, it has been found experimentally 
that MAXIMUM UNDISTORTED POWER OUTPUT may be achieved 
when the load impedance is approximately twice the plate 
resistance of the tube and the plate current variations are at 
the maximum permissible value for class-A operation. 

The equation for maximum undistorted power output when 
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eg 


Figure 6-2.—ip-e, curves for a given plate voltage under various load 
conditions. 


the load impedance, R,=2r,, is established as follows: In 
equation (6-1) if R, is replaced by 2r, and E, is expressed in 
effective (rms) volts, 


Gta 45 ry os 


A comparison of equations (6-2) and (6-3) verifies the 
reduction in power output as a result of making the load 
impedance twice the plate resistance to be only about 11 
percent. This reduction is in agreement with the examples 
in figure 6-1, C. 
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Second-Harmonic Distortion 


A careful examination of figures 6-2 and 6-3 will reveal 
some of the problems involved in designing triode power 
amplifiers and also how the concept of second-harmonic 
addition may be used to describe distortion. 
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Figure 6-3.—Second-harmonic distortion in a class-A\ power amplifier. 
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If the bias is adjusted so that only the straight portion of 
the i,-e, characteristic curve is used, the signal-voltage 
swing will be greatly reduced. Since the power output varies 
as the square of the input-signal voltage, there is a practical 
limit to the amount of restriction that can be imposed. The 
load impedance may be further increased, but here again the 
current variation in the plate circuit will be reduced accord- 
ingly, and so will the power. If the bias is reduced, grid 
clipping may occur and second harmonics, as well as other 
harmonics, may be introduced. Harmonics are also intro- 
duced if the bias is so high that the negative half of the plate- 
current swing ‘s reduced. If the signal voltage is too high, 
both grid clipping and operation beyond the bend in the 
lower portion of the i,-e, characteristic curve may occur. 

When certain types of distortion are referred to as second- 
or third-harmonic distortion or perhaps as even- or odd-har- 
monic distortion, these harmonics are not necessarily actually 
produced in the tube. Rather the errecr on the output 
signal is the same as if these harmonics had been introduced. 
This concept is useful in explaining many types of distortion 
caused by electron tubes. 

A consideration of the distortion of the plate-current curve 
in figure 6-3 reveals the presence of a second-harmonic com- 
ponent (deliberately exaggerated in the figure). In this 
instance the positive half of the plate-current curve is in- 
creased beyond the proportions of a sine curve and the 
negative half is decreased. 

The lack of symmetry in the plate-current curve may be 
adequately explained if a second-harmonic signal is assumed 
to exist, as shown above the no-signal current line. 

It is helpful to make a brief mathematical analysis of the 
contributions made by the second-harmonic component, and 
by the fundamental, to the resultant plate current. 

The AVERAGE PLATE CURRENT, J,,, may be established by 
inspection— 


Inuzt Iento__50+12.5 
Ors 


2 =31.25 ma. 


Ty= 
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The MAXIMUM PLATE-CURRENT SWING of the second-harmonic 
component, J, is 


I,y—Ig=31.25—30=1.25 ma, 


where J, is equal to the no-signal value of plate current. ‘The 
maximum value of the second-harmonic current is 


125 _ 
Pe 2 =0.625. 


Also, the maximum plate-current swing of the fundamental 
is 
D,=Inax— Ista =50—12.5=37.5, 


and the maximum value of the fundamental is therefore 


7518.75 ma. 
The equation for the AVERAGE VALUE of the second- 


harmonic component of plate current is 


Jpn taart Tats 2, 
4 


With the aid of the voltage curve, the contribution of the 
two components to the plate-voltage variations may be 
determined in a similar manner. 

The average power output, P,,, is 


Py Ent Ia) Ear Ese) 


anes (3388-150) _ 9 96) watts. 

The percentage of distortion (P. D.) due to the second- 
harmonic current component is determined by dividing the 
second-harmonic component by the fundamental component 
and multiplying the result by 100. Thus, 
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h 0.625... 
¥; D=> X100= 75 75X 100=3.3 percent. 


The general equation for determining the percentage of 
distortion due to the second harmonic is 


Toast Imta—21 
2(Teux— Tea) 


Output Transformer 


The output transformer used with audio power amplifiers 
serves 88 €N IMPEDANCE-MATCHING device. Since the plate 
resistance of a power-amplifier tube may range from perhaps 
1,000 ohms to more than 20,000 ohms, and since the imped- 
ance of the loudspeaker voice coil may range down to 4 ohms, 
the output transformer has a step-down turns ratio to provide 
the correct ratio of primary voltage and current to secondary 
voltage and current. 

Impedance matching by means of a transformer is illus- 
trated in figure 6-4. It is recalled that the output voltage of 


P.D.= 100. 






rp lzson 


Zp=2500N 


Figure 6-4.—Output transformer used as an impedance-matching device. 












a transformer varies directly as the turns ratio, and that the 
output current varies inversely as the turns ratio—that is, 


Ee? 
“N, 
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and 


L_Np. 
iT, N, 
If the 2 left sides and the 2 right sides of these equations 


are multiplied together, the impedance may be determined. 


Thus, 
PxENe 4 


The primary impedance of a matching transformer is 
defined as the ratio of rated primary voltage to rated primary 
current. Similarly, the secondary impedance is the ratio of 
rated secondary volts to rated secondary amperes. If Z, is 


substituted for ae and x is substituted for ER the impedance 
P . 2 


Thus, the ratio of the two impedances that a transformer can 
match is equal to the turns ratio squared. 

As a practical illustration, find the turns ratio needed for 
the transformer shown in figure 6-4. Since the plate re- 
sistance is 1,250 ohms, the primary impedance is given as 
twice this value, to permit maximum undistorted power 
output. The power fed to the 4-ohm voice coil, however, 
will be reduced unless the proper impedance is afforded by 
the transformer. The turns ratio that will satisfy this 
condition is readily determined by extracting the square 
root of both sides of the last equation. Thus, 


V, Ma 2:500 500_ 


The amount of power that an be handled by an output 
transformer is determined by the current and voltage RaT- 
1ncs of the windings and the allowable losses. The pri- 
mary frequently contains a d-c component that limits the 
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equation becomes 


incremental inductance and frequency response. The equa- 
tion for the induced voltage, E (rms), of a transformer 
winding is 

E=4.44 {NBA 10°, 


where f is the frequency in cycles per second, N the number 
of turns in the winding, B the flux density of the core, and 
A the cross-sectional area of the core. In a given trans- 
former the induced voltage is proportional to the product of 
the frequency and the flux density. At low frequencies the 
flux density is high and more distortion is introduced because 
of the saturation of the iron. The maximum allowable flux 
density is determined by the maximum allowable distortion. 

The output transformer causes a reduction in the output 
of a power amplifier at both the high and low frequencies. 
The reduced output at the low frequencies results from the 
shunting action of the transformer primary inductance on 
the load, as indicated in figure 6-5, A. 

The following symbols are used in figure 6-5: 


Symbol Definition 
Amplification factor of tube 
Input voltage (rms) 

Plate resistance 

Resistance of primary winding 
Leakage inductance of primary 
Incremental primary inductance 
Primary-to-secondary turns ratio 
Leakage inductance of secondary 
Resistance of secondary winding 
Load resistance 

Voltage (rms) developed across the load 
Coefficient of coupling 





The middle-frequency gain is independent of frequency, 
as indicated by the absence of reactance in the equivalent 
circuit (fig. 6-5, B). The reactance of the primary induct- 
ance is large enough for its shunting effect to be disregarded 
and the leakage reactances are low enough to be neglected. 

The reduced output at the high frequencies (fig. 6-5, C) 
results from the loss in voltage through the leakage reactances 
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as a result of (1) load current and (2) capacitive current due 
to shunting capacitance. A frequency-response curve illus- 
trating the reduction in gain at the low and high frequencies 
is shown in figure 6-6. 








GAIN 








10 100 “10000 ~C*~*” 10000 100000 


FREQUENCY (cps) 
Figure 6-6.—Frequency response curve of an output transformer. 


In order to extend the flat portion of the frequency- 
response curve into the low-frequency region, the transformer 
should have a high primary inductance. In order to extend 
the flat portion into the high-frequency region, the leakage 
inductance should be low. With a given triode and trans- 
former, increasing the load resistance improves the high- 
frequency response without disturbing the low-frequency 
response very much. 

The voltage across the load at the various frequency 
ranges may be determined from the equivalent circuit shown 
in figure 6-5. For example, at the middle range of fre- 
quencies, 


— HE NR, 
NE= GF R)+N'(R +R 
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and 
nENR,z 


EL=G+R)+NTR TR) 


PUSH-PULL POWER AMPLIFIERS 


A number of advantages are to be gained by the use of a 
push-pull amplifier as the output stage of an audio-frequency 
amplifier. Second harmonics and all even-numbered har- 
monics, as well as even-order combinations of frequencies, 
will be effectively eliminated if the tubes are properly 
balanced and if the frequencies are introduced within the 
output tubes themselves. 

Hum from the plate power supply, which may be present 
in the single-tube amplifier, is substantially reduced in the 
push-pull amplifier because ripple components in the two 
halves of the primary transformer are in phase and tend to 
counteract each other in the output. 

Plate-current flow through the two halves of the primary 
winding is equal and in opposite directions. Therefore there 
is no d-c core saturation and the low-frequency response is 
improved. 

Regeneration is also eliminated because signal currents do 
not flow through the plate-voltage supply when the circuit is 
operated as a class-A amplifier. 

The last voltage amplifier preceding the push-pull power 
amplifier stage may be either resistance- or transformer- 
coupled to the power stage. If the power amplifier is 
operated class A or class AB, the driver commonly employs 
resistance coupling because it affords a better frequency 
response. A phase-inverter tube, or section of a tube, must 
be used in connection with the resistance-coupled driver to 
provide the correct phase relation at the input of the push- 
pull stage. 

When the power tubes are operated class B, an input 
transformer employing a step-down turns ratio is commonly 
used. The transformer not only supplies the grid current 
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necessary for class-B operation, but at the same time permits 
an instantaneous signal voltage of the correct polarity to be 
applied to the grids of the two power tubes. 

Class-B power amplifiers draw practically no plate current 
when no signal is applied, and their plate efficiency is much 
higher than that of class-A amplifiers. They are subject, 
however, to third-harmonic distortion and the operating con- 
ditions are critical enough to require the supervision of 
trained personnel. These amplifiers are therefore used in 
transmitters but not generally in home installations. 


Transformer-Coupled Push-Pull Amplifier 


A transformer-coupled push-pull amplifier is shown in 
figure 6-7. It is assumed that the following operating con- 





i pB 
Figure 6-7.—Transformer-coupled push-pull amplifier. 


ditions are in effect: The grid bias is such that the plate 
current in each tube flows during the entire input-voltage 
eycle (class A), and during the positive half of the cycle the 
grid-voltage excursion extends over a portion of the lower bend 
of the i,-e, characteristic curve. The tubes are also properly 
matched and operate into the correct loads. 

When no signal voltage is applied, equal plate currents 
flow through each tube. Equal currents also flow through 
each half of the primary of the output transformer toward the 
center tap. The magnetomotive forces resulting from the 
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currents are equal and opposite and therefore cancel, leaving 
no magnetic field due to the d-c component of the plate 
current. This cancellation effect is a big advantage over 
the single-tube output in which direct current flows contin- 
uously through the primary winding and establishes a 
d-c field component. 

A signal voltage across the secondary of the input trans- 
former, 71, will at a given instant have polarities as indicated. 
This voltage will be divided equally between tubes A and B. 
The push-pull arrangement thus requires, and will handle, 
twice the input voltage of a single tube under similar 
operating conditions. The grid of tube A is positive with 
respect to the center tap at the instant the grid of tube B 
is negative. Plate current increases in tube A and decreases 
& proportionate amount in tube B. 

The increase in current flowing down through L,, and the 
decrease in current flowing up through L,, constitute 2 mag- 
netomotive forces that combine additively to produce an 
output voltage in the secondary that is proportional to the 
sum of these 2 components. 

Second harmonics are eliminated in the push-pull output, 
as shown in figure 6-8. The dynamic i,-e, curve for tube B 
is inverted with respect to that of tube A in order to show 
the phase relation between the signal components of the two 
tubes. Thus, when the input signal swings the grid voltage 
of tube A in a positive direction it is swinging the grid 
voltage of tube B the same amount in a negative direction. 
Plate current in tube A increases as plate current in tube B 
decreases. The plate current swing about the X-X axis for 
tube A is not symmetrical because the tube is operating on a 
nonlinear portion of the i,-e, characteristic curve. The 
same condition is true of the plate current swing about the 
X’-X’ axis for tube B. 

The plate-current curves of each tube may be resolved 
into a fundamental and second harmonic. Thus, the axis of 
the fundamental and its second harmonic is displaced from 
the axis of the original plate current curve by an amount 
equal to the peak value of the second harmonic. Combining 
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Figure 6-8.—Graph showing second-harmonic elimination. 


the fundamental components of both tubes gives an output 
of twice the amplitude of one tube. However, when the 
second harmonics are combined, the resultant is zero because 
they are 180° out of phase. The fundamental output 
current has the same waveform as the input voltage—an 
effect that would have been produced had both tubes been 
free of second harmonics. 


Power Output 


The power output of a class-A push-pull amplifier is 
conveniently determined by the use of the equivalent circuit 
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ONE TUBE REMOVED FROM THE CIRCUIT 
Figure 6-9.—Equivalent circuit of a push-pull amplifier. 


shown in figure 6-9, A. If e, is the maximum input-signal 
voltage then the maximum current through the load is 


fiz,na ee 
mer Tatl pt Re 
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and the peak voltage across the load is 
Eoar=Riloax 


_ Raste, 
2r,+Rt 


The average power output consumed in the load is 


—Farloas 


By 2 


= we, _\* 
=2 (5, 9,): 

As an example of push-pull class-A triodes, assume that 
the mu of each tube is 4 and that the plate resistance is 
800 ohms; also assume that the peak signal voltage is 43 
volts and that the effective load impedance (plate-to-plate) 
is 5,000 ohms. The power output is 


P. = R 2k B= ; 
ee ele) 
4X43 


2 
800-++ 5,000 =6.8 watts. 


=2X 5,000 (5x 


For class-A power pentodes, assume that the mu of each 
tube is 120 and that the plate resistance is 22,000 ohms; 
also assume that the peak-signal voltage is 16 volts and 
that the total load impedance is 5,000 ohms. The average 
power output is 


=or, (Me) 
ReveRe 2r, ee) 


4 120X 16 
=2X5,000 (5x 


2 
2% 22,000+5,000 =15.3 watts. 


If one tube is removed from the circuit the voltage acting 
in the equivalent circuit is lowered and at the same time the 
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impedance in the plate load is reduced. Since the output 
impedance varies as the square of the number of turns, the 
removal of one tube leaves only one-half as many turns in 
the plate circuit. The load impedance is therefore (})?, 
or } of its former value, as indicated in figure 6-9, B. 

The maximum plate current now becomes 


and the maximum voltage across the load becomes 


Bese Trexs HE 


4 


=, A, 
tes 
T, 
The average power output is then 
P, a leoilims 
_Hee Be 
R 
F st or rot 
= > 


ki _ Hee : 
8 rte : 


If one of the pentodes of the preceding example is re- 
moved from the circuit, the power output becomes 


2 
79s 29%) =4.25 watts. 








8 ( 59 004.5100 
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This is a reduction in power of 72 percent. 

The ciass-B POWER AMPLIFIER is biased approximately 
to cutoff so that plate current flows in one tube during one 
half of the input cycle and in the other tube during the other 
half of the input cycle. Thus, one tube amplifies the posi- 
tive half and the other the negative half of the input signal 
voltage. Both halves are combined in the secondary of the 
output transformer. 

Since plate current flows in a given tube for only half of 
the input cycle and no appreciable current flows when no 
signal is applied, this type of amplifier has a higher efficiency 
than an amplifier operated class A or class AB. A class-B 
push-pull amplifier circuit is shown in figure 6-10, A. 

The input-signal voltage curves shown in figure 6-10, B, 
make the grids alternately positive with respect to their 
associated cathodes on the positive peaks. When the grid 
voltage of triode A is positive maximum the plate voltage 
is minimum and the plate current is maximum. At this 
instant the reverse operation is taking place in triode B. 
The output signal voltages of the two tubes combine in 
series addition across the primary of the output transformer. 

The plate voltage is alternately the sum and difference of 
the B-supply voltage and the induced voltage of one-half 
of the transformer primary. 

The maximum plate current depends on the positive peak 
of the grid signal, and the minimum plate potential depends 
on the amount of voltage drop in the plate load. For best 
efficiency the minimum plate voltage should be as small as 
possible but not so small that the grid will draw excessive 
current. 

The correct plate-to-plate load resistance in terms of 
Imax, Emm, and Ey, of a single tube may be determined as 
follows: The current pulses from tubes A and B flow through 
only one-half of the primary of the output transformer; if 
they flowed through the entire primary, the amplitude 


would be only half as much, or = 
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The equivalent load resistance, R,, acts in series with the 
triode plates and is equal to the impedance of the output 
transformer and its load as measured in terms of the primary. 


The voltage drop across R, is Fess R,. The alternating 





voltage drop between the plate and cathode of 1 tube is equal 
to one-half the voltage drop across R, since the 2 tubes are 
in series. Thus, 


of Glee hee ie. 
> ak 2 4 


Since the voltage across a single tube is equal to Ez;— En, 
the equation may be rewritten as 


Jeet Be, — Eas, 


from which 
4 Ea En Ean), 


Ri= 


The average power output is equal to one-half the peak 
instantaneous power, or 


Palou(Ea— Ei), 


Using the values indicated on the curves of figure 6-10, B’ 


4(400—100) 


R= 0.120 


=10,000 ohms; 
and the average power output is 


P= 


0.120(400—100)_ 1g watts 


The output power may also be determined by the use of 
the equivalent circuit shown in figure 6-10, C. If the max- 
imum value of grid voltage, ¢,, is assumed to 87 volts, the 
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maximum value of the signal current in the equivalent 
circuit will be 


2 Spee BANE. 
97,4 Bz 2X800+10,000 0-08 ampere. 
The maximum value of the signal voltage appearing across 
the load is, 
e,=ik, 
=0.06X 10,000=600 volts; 


and the average power output is 


wate 
ra 
_ 6000.06 


2 =18 watts. 


The output power of the class-B push-pull triode amplifier 
is about 2.6 times the output of the class-A triode amplifier 
given previously in this chapter. 

Although approximately twice the signal voltage is applied 
to the grids of the class-B triodes as is applied to those of 
the class-A triodes, the output power is not 4 times as much 
because the load resistance of the class-B triode push-pull 
circuit is twice that of the class-A stage. 


THE DECIBEL 
Unit of Power Gain or Loss 


The international transmission unit, the BEL, is a unit of 
gain equivalent to 10-to-1 ratio of power gain. Thus the 
gain in bels is simply the number of times that 10 is taken 
as a factor to equal the ratio of the output power of an ampli- 
fier to the input power. If, for example, the output power 
is 100 times the input, the ratio is 100 to 1, or 10? to 1. The 
gain is therefore 2 bels; and the gain in decibels (db) is 10 
times 2, or 20 decibels. 
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The number of 10 factors contained in the ratio of the 
output power to the input power is the logarithm of the ratio 
to the base 10. The gain in decibels may therefore be ex- 
pressed conveniently as 


db=10 logio a (6-4) 
1 


where P, and P, are respectively the output and input power 
in watts. 

The human ear responds to ratio changes in intensity 
rather than to changes in absolute value. In other words, 
the ability of the human ear to detect changes in the intensity 
of sound is much greater at low levels of intensity than it 
is at high levels. A change in power level of 1 db is barely 
perceptible to the ear, and for this reason attenuators in 
audio systems are frequently calibrated in steps of 1 db. 

Since the ear responds logarithmically to variations in 
sound-intensity levels, any practical system for measuring 
sound-intensity levels must necessarily vary logarithmically. 
The decibel system of measuring power levels is based on 
this concept. 

Since the gains or losses in a system are expressed logarith- 
mically, they are simply added or subtracted to determine 
the over-all gain or loss. For example, transmission lines 
introduce a loss in power, amplifier stages produce a gain, 
and attenuators introduce a loss. The final result is the 
algebraic sum of the various gains and losses. A db gain 
or loss is readily determined by the use of equation (6-4). 


Current and Voltage Ratios 


Primarily, the decibel is a unit to measure a power ratio. 
It can be used readily to compute current ratios as well, 
provided the resistances through which the currents flow are 
taken into account. The db gain or loss expressed in terms 
of the crrrents and resistances is determined as follows: 





hyR2 
db=20 | * 6-5) 
OZ 10 TR, ( ) 
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where J, and J, are respectively the output and input current 
in amperes, and R, and R, are respectively the output and 
input resistances in ohms. Thus, if the two currents and 
resistances are known, the db gain or loss can be determined 
by substitution in equation (6-5). If the resistances are 
equal they may be canceled out. { 

The same reasoning also applies to the voltage ratio 
provided the resistances across which the voltages are applied 
are properly considered. The equation for db gain or loss 
when voltages and resistances are employed directly is 
determined as follows: 





E,vR. 
db=20 | sy}, 
OZ10 E.R: (6-6) 


where Z, and £, are respectively the output and input volt- 
ages, and R, and R, are respectively the output and input 
resistances in ohms. 

If the voltages and resistances are known, the db gain or 
loss may be determined by direct substitution in equation 
(6-6). If the resistances are equal they may, of course, 
be canceled out. 


Reference Levels 


Considerable confusion has resulted from the use of 
various so-called zero-power reference levels. The term 
“vero reference level’’ is in itself somewhat confusing because 
it does not mean that no power is developed at that level. 
It means rather that the output level is referred to an 
arbitrary level designated as the reference, or zero, level; 
and as such it is perhaps one of the most convenient ways 
of expressing a power ratio. It is thus meaningless to say, 
for example, that a certain amplifier stage has a gain of 
30 db unless reference is made to some established power 
level. 

It is common practice in telephone work to consider 
6 milliwatts as the reference power level. Other values 
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are also used in this and other fields, for example, 1, 10 and 
12.5 milliwatts, depending upon which unit is most con- 
venient under the circumstances. 

The vo.ttraGcE gain or loss of microphones, transmission 
lines, and voltage amplifiers is also generally expressed in 
decibels. In general, transmission lines introduce a loss and 
voltage amplifiers produce a gain. A reference voltage level 
and the resistance (if it differs from the one being compared) 
across which the signal appears must be given in order that 
the gain or loss may have meaning. 

The voltage output of a microphone may be expressed in 
terms of decibels below 1 volt per dyne per cm”. In other 
words, 1 dyne acting on 1 square centimeter and producing an 
output of 1 volt is taken as the zero-decibel output level. 

When the voltage gain of an amplifier stage is given in 
decibels the impedance must be given or they must be 
assumed to be equal. Thus if they are assumed to be equal, 
the gain in decibels'may be expressed as 

db=20 logue 5 
where £; is the output voltage and E, the input voltage. 

When certain arbitrary power reference levels are used, 
the db gain or loss is given a special designation. One of 
these designations is the dbm, or the power level in decibels 
referred to 1 milliwatt, as 


P 
dbm=10 logio D001’ 


where P is the power in watts. 

Typical power levels in dbm (0.001 watt in 600 ohms) are 
shown in figure 6-11 for various applications in audio systems. 

The volume level of an electrical signal made up of speech, 
music, or other complex tones is measured by means of a 
specially calibrated voltmeter called a voLUME INDICATOR. 
The volume levels registered on this indicator are expressed 
in volume units (VU). The number of units is numerically 
equal to the number of decibels above or below the reference 
volume level. Zero VU represents a power of 1 millwatt 
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dissipated in an arbitrary load resistance of 600 ohms (cor- 
responding to a voltage of 0.7746 volts). Thus, when the 
VU meter is connected to a 600-ohm load, VU readings in 
decibels can be used as a direct measure of power above or 
below a 1-milliwatt reference level. 


Use of Decibels 


Some practical examples illustrating the use of decibels 
will perhaps clarify the foregoing paragraphs. (Logarithms 
to the base 10 are called common LoGARITHMS. When the 
subscript following the logarithm is omitted, the base is 
understood to be 10. The following examples involve com- 
mon logarithms.) 

1. How many decibels correspond to a power ratio of 100? 


Pr 
db=10 log = 
0 Of D, 
=10 log 100 
=10X2=20. 


2. How many decibels correspond to a voltage ratio of 
100 (assume equal resistances)? 


E; 
Ey 
=20 log 100 
=20X2=40. 


db=20 log 


3. If an amplifier has a 20-db gain, what power ratio does 
this gain represent? 


P= 
db=10 log z 
20=10 log z 

log z=2 

z=100. 
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4. If an amplifier has a 30-db gain, what voltage ratio does 
this gain represent (assume equal resistances)? 
E, 


or 


Ey 
db=20 log z 
30=20 log z 
log z=1.5 
z=31.6. 


The voltage ratio is 31.6 to 1. 


5. A certain microphone rated at —75 db is connected to 
a preamplifier through an attenuator rated at —10 db. The 
final audio amplifier is driven by the preamplifier and has 
a gain of 30 db. What must be the db gain of the pre- 
amplifier if the full output is to be achieved? (All db gains or 
losses have the same reference level.) 

The total loss is 75+10 or 85 db and therefore the pre- 
amplifier must have a gain of 85 db to bring the losses to 0 
db, From this point the main amplifier increases the gain 
30 db above the common, or zero, reference level. 

6. If the input to a certain loudspeaker is increased from 
5,000 milliwatts to 6,000 milliwatts could the increase in 
volume level be readily detected by the human ear? 


db=10 log F 
1 


6,000 
5,000 





=10 log 


=10 log 1.2 
=10X0.0792 
= 0.792 


Since a change of 1 db is barely discernible, a change of 0.792 
db would probably not be detected. 
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7. If 1 volt is applied across the 600-ohm input of a certain 
amplifier and 500 volts is developed across the 5,000-ohm 
output, what is the db power gain? 


— Fou” _ 500" _ 
P= Ran 5 000779 watts 
Ee 1 





P= Fr = 6007 2:00166 watt 
om Py 
db=10 log p 
50 
=10 log 0 00166 
=10 log 30,000 
104.4770 


ll 


= 44.8. 


8. If the noise level in a certain transmission line is 50 db 
down from the desired signal level of 10 mw, how much power 
is contained in the noise level? 


= P, 
db=10 log P, 
where P, is the power in milliwatts contained in the noise 
level and P; is the power in milliwatts contained in the 
desired signal level. 

Substituting, 


50=10 log 
i 


5=log 
1 


= 
10 


-_ 
To 10" =0.0001 mw. 


P\= 
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10, 


11. 


12. 


13. 


14, 


15. 


16. 


17. 


18. 


19. 


Quiz 


. What is the primary function of a power amplifier? 
. Give three general characteristics of audio power amplifiers. 
. In a class-A power amplifier, what characteristics of the i,-e, 


curve limits the minimum value of i,? 


. For maximum undistorted power output in a class-A triode power 


amplifier, what is the relative value of load impedance with respect 
to the plate resistance of the triode? 


. Why is the efficiency of a class-A amplifier low? 
. State the equation of the load line for a power amplifier in terms of 


the plate current, plate load resistance, and plate supply voltage. 


What is the theoretical value of plate voltage as indicated on the 
load line in figure 6-1 for the condition of maximum plate current? 


. When no plate current flows, what is the value of plate voltage as 


indicated by the load line in figure 6-1? 


. In figure 6-1, what is the value of plate current when no signal is 


applied? 

If the maximum value of the second harmonic current is 0.8 ma and 
the maximum value of the fundamental is 20 ma, what is the 
percentage of distortion due to the second harmonic? 

Express the equation of the primary-to-secondary turns ratio of 
a transformer in terms of the primary-to-secondary matching 
impedances. 

What causes the reduced high-frequency response of an output 
transformer? 

What characteristics must an output transformer have to extend 
the flat portion of the frequency-response curve of the output 
transformer into both the low- and the high-frequency regions? 
Name four advantages of using push-pull amplifiers in the output 
stage of an a-f amplifier? 

What is the phase relation between the two second-harmonic 
components in figure 6-8? 

If one tube is removed from a typical class-A push-pull pentode 
power amplifier, what is the percentage of power reduction? 

Why is a class-B push-pull amplifier more efficient than a class-A 
or class-AB amplifier? 

What is the relative output power of a triode class-B push-pull 
amplifier compared with that of a class-A amplifier? 

Why is the output power of a triode class-B push-pull circuit less 
than 4 times the output power of a similar class-A triode if the 
former has twice as much input voltage? 
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20. 


21. 


22. 


23. 


If the output power of an amplifier is 1,000 times the input power, 
what is the gain in decibels? 

Why should any practical system for measuring sound-intensity 
levels vary logarithmically? 

What is the common term for the arbitrary reference level in 
expressing power ratios? 

An amplifier has a gain of 30 dbm. What is the power output of 
the amplifier? 


293 


CHAPTER 


OSCILLATORS 


INDUCTANCE-CAPACITANCE OSCILLATORS 
Introduction 


The primary function of an oscillator is to generate a 
given frequency and to maintain that frequency within 
certain limits. To that end inductance-capacitance oscil- 
lators depend for their operation on the resonant interchange 
of energy between a capacitor and an inductor, with an 
electron-tube amplifier supplying pulses of energy of the 
proper phase and magnitude to maintain the oscillations. 
Resonant circuits (tuned circuits) are treated in chapter 1, 
and electron-tube amplifiers are treated in chapters 4 and 5. 

In addition to their use as amplifiers, electron tubes are 
used as oscillators for the generation of alternating voltages. 
When thus used as oscillators, electron tubes are essentially 
converters that change d-c electrical energy from the plate 
power supply into a-c electrical energy in the output circuit. 
To accomplish this energy conversion, the amplifying ability 
of the electron tube is used in such a manner as to generate 
sustained oscillations. 

Two conditions are necessary if sustained oscillations are 
to be produced. First, the feedback voltage from the plate 
circuit must be in phase with the original excitation voltage 
on the grid—that is, the feedback must be positive, or regen- 
erative. Seconp, the amount of energy fed back to the grid 
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circuits must be sufficient to compensate for the energy losses 
in the grid circuit. 

Feedback may be accomplished by inductive, capacitive, 
or resistive coupling between the plate and the grid circuit. 
Various circuits have been developed to produce feedback of 
the proper phase and amount. Each of these circuits has 
certain characteristics that make its use advantageous under 
given circumstances. 

If the proper values of inductance and capacitance are 
used, tuned-circuit oscillators may be designed to generate 
frequencies from the low frequencies in the audio range to 
the very high radio frequencies The upper frequency limit 
is determined in general by the distributed inductance and 
capacitance of the circuit components and the interelectrode 
capacitance of the tubes. 

The electron tube itself is not an oscillator. The oscilla- 
tions actually take place in the tuned circuit, a part of which 
may be composed of the interelectrode capacitances of the 
electron tube and the distributed capacitances and induct- 
ances of the circuit. The electron tube functions primarily 
as an electrical valve that amplifies and automatically re- 
leases to the grid circuit the proper amount of energy to 
maintain oscillation. 

A basic oscillator showing the circuits necessary for its 
operation is shown in figure 7-1. 









FEEDBACK 
CIRCUIT 


PLATE 
CIRCUIT 


GRID 
CIRCUIT 


Figure 7-1.—Basic oscillator circuit. 
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Tickler-Feedback Oscillator 


One of the simplest types of oscillator circuits is that 
employing tickler feedback, as shown in figure 7-2. Feed- 





Figure 7-2.—Tickler-feedback oscillator circuit. 


back voltage of the proper phase from the plate to the grid 
circuit is accomplished by mutual inductive coupling be- 
tween the oscillator tank coil, Z2, and the tickler feedback 
coil, Z1. The amount of feedback voltage is determined by 
the amount of flux from Z1 that links Z2. Thus the feed- 
back voltage is varied by moving L1 with respect to Z2 or 
by changing the setting of a variable resistor that is some- 
times shunted across L1. 

The frequency-determining part of the oscillator is the 
tank cireuit, L2CT. The coil and tuning capacitor inter- 
change energy at the resonant frequency rate and the excita- 
tion voltage developed across CT is applied to the grid in 
series with the grid-leak bias across RC1. 

Grid current flowing through R establishes negative bias 
on the grid. Capacitor C1 charges up to the peak voltage 
across R and holds this voltage between r-f pulses because 
of the relatively long time constant of RC1 as compared with 
the time for each r-f cycle. A steady bias voltage is there- 
fore developed when the oscillator is functioning properly. 
Thus, a test for proper operation is a measurement of the 
d-c voltage across the grid resistor. To avoid blocking the 
oscillations, a high-resistance type of meter, such as the 
electron-tube voltmeter, should be used for this measurement. 
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Series-Fed Hartley Oscillator 


Figure 7-3 shows the circuit of a series-fed Hartley oscil- 
lator and the curves of grid voltage, plate current, and plate 
voltage for class-C operation. The plate circuit in 
figure 7-3, A, is shown in heavy lines. Thus, L1 is a part of 
the tuned circuit made up of L1, L2, and CT; it also serves 
to couple energy from the plate circuit back into the tuned 
grid circuit by means of the mutual inductance between L1 
and L2. Capacitor Cl blocks the d-c component of grid 
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Figure 7-3.—Analjysis of a series-fed Hartley oscillator. 
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current from L2 and, together with R,, provides the necessary 
operating bias. Capacitor C2 and the radio-frequency choke 
(RFC) keep the alternating component in the plate circuit 
out of the B-supply. 

The B-supply in this example is returned to the resonant 
tank coil, Z1. The tuned circuit therefore contains a d-c 
component of plate current in addition to the a-c signal com- 
ponent. Thus the B-supply is connected in series with the 
plate and tank coil Z1. This ‘s a seRIes-FED connection. 

The series-fed Hartley oscillator operates as follows (fig. 
7-3): 

1. When the tube warms up, plate current starts to flow. 
Because the grid is positioned in the electric field 
(between the cathode and plate) at a point that is 
positive with respect to the cathode, a small positive 
voltage exists on the grid. 

2. The increase in plate current through L1 is accom- 
panied by an expanding magnetic field around Z1, 
which induces voltage e, in £2. The polarity of e, 
makes the grid more positive with respect to the 
cathode, and plate current increases to saturation 
(point 1, fig. 7-3, B). Capacitor CT is charging. 
Grid current flows as C1 acquires a small charge with 
the polarity indicated in the figure. The grid voltage 
during this time is ¢, minus the drop across C1. 

3. Plate current stops rising at saturation and the field 
about Li stops expanding. The induced voltage, e., 
falls to zero. 

4. The positive grid voltage (e2 minus the drop across 
C1) decreases and the plate current decreases. Capac- 
itor CT begins to discharge. 

5. The field about L1 collapses and induces a voltage, 
2, in L2 of opposite polarity to e2 when the field was 
expanding. Hence, the grid voltage is negative with 
respect to the cathode. Plate current decreases 
further. 

6. The induced voltage, ¢2, aids in the discharge of CT’ 
and Cl. CT discharges fully and begins to charge in 
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12. 


the opposite direction (its polarity reverses). How- 
ever, Cl cannot discharge rapidly because of the long 
time constant, R,C1. Grid voltage swings to a maxi- 
mum negative condition (point 2 on the grid-voltage 
curve) and Cl discharges slowly down through R,. 
Grid current does not flow during this part of the cycle 
and the grid bias voltage is e, plus the drop across Cl. 


. Plate current ceases to fall at point 2 on the plate- 


current curve corresponding to point 2 on the grid- 
voltage curve. The field about Z1 stops changing and 
é, falls to zero. CT begins to discharge. 


. The grid bias voltage swings in a positive direction 


again, and plate current begins to rise. The expanding 
field about L1 again induces voltage ¢, in L2, making 
the grid voltage more positive with respect to the 
cathode. Current flows from cathode to grid into the 
left-hand plate and out of the right-hand plate of C1, 
causing C'l to acquire a small additional charge. 


. Plate current rises to saturation (point 3). 
10. 
11. 


The cycle continues to repeat. 

On each subsequent cycle the bias voltage builds up 
across Cl and R, until it reaches a steady value, as 
shown in figure 7-3, B. 

Normal bias indicates class-C operation. The fly- 
wheel effect (interchange of energy between coil and 
capacitor) of the resonant tank maintains the oscilla- 
tions during the time that the plate current is zero 
and no energy is being supplied to the oscillator 
circuit. 


The time constant of R,C1 should be relatively long com- 
pared with the time for one oscillator cycle. If it is too 
short, the bias will be lost, and if it is too long the oscillator 
will be blocked periodically because of excessive accumulated 


bias. 


Self-bias makes the oscillator self-starting when the 


filament is energized and the plate voltage is applied. 

Loading the oscillator may be accomplished by placing a 
relatively high resistance in shunt with the tank circuit or 
a low resistance in series with it. In either case the effec- 
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tive Q is reduced and the amplitude of the generated voltage 
is lowered. If the load is coupled inductively to the oscilla- 
tor, the point of coupling should be near r-f ground in order 
to reduce any harmonic content in the output. Loading the 
oscillator may detune it. Buffer stages are frequently in- 
serted between the oscillator and its load to isolate the oscilla- 
tor and prevent frequency changes. 

The resonant frequency of the tuned tank circuit is essen- 
tially the frequency of the oscillator. Expressed in terms 
of the resonant tank inductance and capacitance, the resonant 
frequency is 

p19, 
"0 


where f, is the resonant frequency in megacycles, L the-in- 
ductance in microhenrys, and C the capacitance in micro- 
microfarads. ’ 

For example, if the inductance of the tank circuit is 100 
microhenrys and the capacitance is 100 micromicrofarads, 
the resonant frequency of the oscillator is 


fh= Jiooxi00 1.59 megacycles. 
Shunt-Fed Hartley Oscillator 


The shunt-fed Hartley oscillator (fig. 7-4) differs from the 
series-fed Hartley oscillator (fig. 7-3) in that direct current 





ee 


Figure 7-4.—Shunt-fed Hartley oscillator circuit. 
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does not flow through the tank circuit. Figure 7-4 indicates 
that the B-supply is connected in shunt with the triode plate 
and the portion of the tank circuit that includes Z1. The d-c 
component of plate current is kept out of the Z1 tank circuit 
by the blocking capacitor, C2, and the a-c component is kept 
out of the plate power supply by the radio-frequency choke 
coil. 

An advantage of shunt feed is that the high-voltage 
B-supply is isolated from the tuned circuit. 


Colpitts Oscillator 
The Colpitts oscillator shown in figure 7-5 is similar to 





Figure 7-5.—Colpitts oscillator circuit. 


the shunt-fed Hartley oscillator with the exception that the 
Colpitts oscillator uses a split tank capacitor as a part of 
the feedback circuit instead of a split tank inductor. The 
frequency of the oscillations is determined by the values of 
L, C1, and C2; and the grid excitation voltage appears across 
C1 instead of across Z2 as in the shunt-fed Hartley oscillator. 
C3 and (C4 perform the same function in this circuit as C1 and 
C2 in the shunt-fed Hartley circuit. 


Ultraudion Oscillator 


The ultraudion oscillator (fig. 7-6), frequently employed 
at ultrahigh frequencies, is similar to the Colpitts oscillator. 
The grid-to-cathode and plate-to-cathode interelectrode 
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Figure 7-6.—Ultraudion oscillator circuit. 


capacitances that make its operation similar to that of the 
Colpitts oscillator are indicated by dotted lines in the figure. 
Parallel feed is employed, and the radio-frequency choke pre- 
vents the a-c component of the plate voltage from entering 
the B-supply. Capacitor C2 provides a low-reactance path 
for r-f current and blocks direct current from the tank. 

The voltage drop across C,, is appreciable at the frequency 
employed and provides the grid excitation. Bias voltage is 
developed by the flow of grid current through R. The total 
tank capacitance is made up of CT in parallel with the series 
combination of C1, Cyx, Cyx, and C2. Capacitors C1 and C2 
are relatively large so that they will offer negligible reactance 
to r-f currents. 


Tuned-Plate Tuned-Grid Oscillator 


The tuned-plate tuned-grid (TPTG) oscillator utilizes a 
tuned circuit in both the plate and the grid circuits, as 
shown in figure 7-7, A. This type of oscillator may be 
employed in a wide range of frequencies from the low 
frequencies to ultrahigh frequencies. However, because of 
reduced feedback between plate and grid at low frequencies, 
the TPTG oscillator is not so satisfactory at low frequencies 
as some of the circuits that have already been considered. 

The feedback necessary to sustain oscillations is coupled 
from the plate circuit to the grid circuit by means of the 
interelectrode capacitance between the plate and the grid. 
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SIMPLIFIED EQUIVALENT CIRCUIT 
Figure 7-7.—Tuned-plate tuned-grid oscillator and equivalent circuits. 


Self-bias is established by means of R and (3. Capacitor 
C4 is the r-f bypass around the B-supply. 

The simplified equivalent circuit of figure 7-7, B, repre- 
sents the feedback circuit of the oscillator as a series circuit 
containing the grid and plate tuned circuits in series with the 
interelectrode capacitance of the tube. At the frequency of 
operation of the oscillator, the plate tank presents inductive 
reactance to the equivalent series circuit which includes the 
interelectrode capacitance between plate and grid. In this 
respect the circuit is analogous to a series L-R-C circuit in 


which the inductive reactance neutralizes the capacitive 
Teactance. 


The output frequency of the oscillator is not quite equal 
to the natural resonant frequency of the tuned grid circuit or 
the tuned plate circuit. The output frequency is slightly 
less than the lower of the two tuned circuits. The tuned 
circuit having the lower frequency determines the output 
frequency of the oscillator. 


Push-Pull Oscillator 


In order to obtain a power output larger than is possible 
with a single tube, an additional tube may be added in push- 
pull. As in push-pull amplifiers, the harmonic content of 
the output is reduced. The frequency stability of the push- 
pull oscillator is increased over that of single-ended types. 
The effect of interelectrode capacitance is reduced and the 
frequency range is extended. Push-pull oscillators are used 
generally at high and ultrahigh frequencies. 

The push-pull oscillator (fig. 7-8) utilizes the interelectrode 





Figure 7-8.—Push-pull oscillator circuit. 


capacitance of each tube to feed back to the grid tank 
sufficient voltage to sustain oscillations. 

When the oscillator is first energized it is improbable 
that the two tubes will be operating under exactly the same 
conditions. One tube therefore conducts more current than 
the other, and the voltages fed back to the two grids are 
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unequal. An initial surge of energy is thereby introduced 
into the grid tank circuit and oscillations are set up because 
of the interchange of energy in the magnetic and electro- 
static fields about Z1 and C1, respectively. First one tube 
and then the other conducts; and in conducting, each tube 
feeds energy back to the tank circuit at the proper time to 
cause the voltage across the tank circuit to increase in 
amplitude. 

The oscillations continue to increase in amplitude until 
the energy dissipated in the grid tank is equal to the energy 
supplied to it. The maximum amplitude of oscillation is 
called the SATURATION AMPLITUDE because the tubes are 
driven into the plate-current saturation regions of their 
characteristic curves. 


Electron-Coupled Oscillator 


If an oscillator is loaded appreciably, particularly when 
the load varies, the frequency stability’ of the oscillator is 
greatly reduced. Load changes in the power stages follow- 
ing the oscillator stage, however, have slight effect on the 
frequency stability of the oscillator. 

The electron-coupled oscillator shown in figure 7-9 com- 





Figure 7-9.—Electron-coupled oscillator circuit. 
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bines the functions of an oscillator and a power amplifier. 
The control grid, tank circuit (CT, L1, and 12), cathode, 
and screen grid form a series-fed Hartley oscillator with the 
screen grid serving as the plate. Capacitor C2 places the 
screen at zero r-f potential and, like C3, bypasses the plate 
supply. 

The output tuned circuit, C4Z3, is in the plate circuit. 
The electron stream is the only coupling medium between 
the grid tank and the plate tank—hence the name ELECTRON- 
COUPLED oscILLATOR. The two tank circuits are isolated by 
the screen grid, which is at r-f ground potential. This type 
of oscillator is relatively stable. Load variations have 
slight effect on the frequency of the oscillations. 

An increase in screen voltage decreases the frequency of 
the oscillator, while an increase in plate voltage increases 
the frequency. If the screen and plate voltages are derived 
from the same power supply and the supply voltage increases, 
the tendency of the plate to increase the frequency and the 
screen to decrease the frequency cancel each other and the 
frequency remains unchanged. Conversely, a decrease in 
supply voltage has a similar effect. The tendency of the 
plate to decrease the frequency and the screen to increase 
the frequency again cancel each other. Potentiometer R2 
is adjusted for optimum screen voltage after which no 
further adjustment should be necessary. Frequency stabil- 
ity is best when the ratio of the plate-to-screen voltage is 
about 3 to 1. 

Negative-Resistance Oscillator 


A negative-resistance effect exists in a circuit if an increase 
in voltage across the circuit is accompanied by a decrease in 
current through it. This negative resistance effect was 
noted in the discussion of screen-grid tubes. Thus, an 
increase in plate voltage of a tetrode is accompanied by a 
decrease in plate current, provided the plate voltage does 
not exceed that of the screen. 

Another concept of negative resistance is applied to 
regenerative feedback in an oscillator. In supplying the 
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input power to the oscillator, regenerative feedback intro- 
duces a negative resistance. In this sense negative resist- 
ance represents a source of power that supplies the losses 
in the oscillator circuit. 

In the various feedback oscillator circuits that have been 
considered, enough power was available to overcome the 
circuit losses and to supply the necessary external load. If 
all of the circuit and load losses were represented by an 
equivalent resistance in the plate circuit, the amplifier action 
of the tube might be considered as presenting a negative 
resistance to the tuned circuit. The power supplied by the 
negative resistance must be equal to the power consumed 
by the positive resistance. 

The use of negative transconductance is a common method 
of obtaining negative resistance, as in the transitron oscil- 

BL 


lator. Plate resistance, r,, may be expressed as a If 9m 


is negative, r, is negative. 

TRANSITRON OSCILLATOR.—The circuit of an elementary 
transitron oscillator utilizing negative transconductance is 
shown in figure 7-10. As indicated in the figure, the plate 
potential is lower than the screen-grid potential. Also, the 
suppressor grid is biased slightly negative with respect to 





Figure 7-10.—Elementary transitron oscillator circuit. 
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the cathode. Under these conditions the plate current, 7», 
is greatly reduced because the plate voltage has less influence 
on the electrons leaving the cathode, and many of the elec- 
trons that do succeed in passing through the screen grid are 
repelled back to it by the negative charge on the suppressor 
grid. The plate and screen currents may be approximately 
equal. 

Negative resistance is produced by the action of the nega- 
tive bias applied to the suppressor grid. Electrons that 
would normally pass through the suppressor to the plate are 
repelled back to the screen grid. If the negative bias on the 
suppressor is reduced, fewer electrons are repelled by the 
suppressor back to the screen, and screen current decreases. 
In figure 7-10 the change in suppressor potential is accom- 
plished through coupling capacitor Cl. Any change in the 
screen tank voltage is passed through C1 to the suppressor ; 
grid. The suppressor potential is more effective in con- 
trolling screen current than is the screen potential. Hence, 
a given decrease in suppressor bias caused by a corresponding 
increase in screen potential results in a decrease in screen 
current as more electrons flow to the plate. 

Thus an INCREASE in screen potential (and an equal 
decrease in suppressor bias via Cl) causes & DECREASE in 
screen current, producing NEGATIVE RESISTANCE. By the 
use of negative resistance, oscillations may be maintained 
in the tuned circuit, C3Z, which is connected between the 
suppressor grid and the B-supply. When the circuit is 
oscillating, the alternating component is applied simul- 
taneously to the screen and suppressor grids. When the 
voltage is more positive, 7,. is reduced; when it is less posi- 
tive, is. is increased. 

The characteristic curve of screen current vs screen voltage, 
when the screen and suppressor grids are coupled by means 
of a capacitor, is shown in figure 7-11. The screen-grid 
potential is adjusted so that it operates on the negative slope 
of the curve. 

Figure 7-12 shows the variations of i, and 7,, with changes 
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Figure 7-11.—Screen-current vs screen-voltage characteristic of a pentode 
with screen-suppressor coupling. 
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Figure 7-12.—Plate and screen currents as functions of suppressor voltage. 


in voltage on the suppressor grid, for the conditions under 
which the tube operates. The negative slope of the i,, curve 
indicates that the transconductance between the suppressor- 
grid voltage and the screen-grid current is negative. Because 
the reactance of C1 is negligible at the oscillator frequency, 
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the alternating component on both grids is of the same 
instantaneous polarity. Thus, the negative transconductance 
of the tube becomes a negative resistance between the screen 
grid and the cathode. An increase in screen voltage causes 
a corresponding increase in suppressor voltage and hence a 
decrease in screen current. 

The losses in the tuned circuit must be offset by energy 
supplied through the tube if oscillations are to be sustained. 
The equivalent circuit of the transitron oscillator is shown in 
figure 7-13. Ry is the negative resistance presented by the 
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Figure 7-13.—Equivalent circuit of a transitron oscillator. 


tube to the tuned circuit; R, represents the load connected 
across the output terminals; R,, represents the suppressor- 
grid resistance; and Ry represents the tuned-circuit losses. 
L and C3 are the inductance and capacitance, respectively, 
of the tuned circuit. 

In order to produce oscillations of constant amplitude, the 
power supplied by Ry must equal the power consumed by the 
three positive resistances. Therefore, the current through 
Ry must be equal to the combined currents through the three 
positive resistances. If less current flows through Ry than 
through the positive resistances, the oscillations will die out, 


310 


and if more current flows through Ry than through the 
positive resistances, the oscillations will increasé in ampli- 
tude. When the current through Ry is just sufficient to 
sustain oscillations, the equivalent circuit reduces to one 
composed of ideal reactances—that is, to the simple L-C 
combination making up the tuned circuit. The frequency of 
oscillations in the tuned circuit is then expressed as 


1 


2xVLC 


If the transitron oscillator is to be used to produce con- 
vTiNvoUs oscillations, the circuit is adjusted so that Ry is 
smaller than the value required to sustain oscillations. The 
transient oscillations that occur when the B-supply switch is 
closed are amplified. The suppressor-grid voltage swings 
less negative and more negative about the operating point 
(the point of greatest slope), which is biased slightly negative 
with respect to the cathode. (See fig. 7-12.) The operating 
range on the i,.-€4 curve extends to the right and to the left 
of the operating point, and thus the average slope of the part 
, used is decreased. This decrease, in effect, increases the value 
of the negative resistance, and the amplitude of the oscilla- 
tions increases until the value of Ry is sufficient to maintain 
& constant amplitude. 
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Crystal-Controlled Oscillator 


CRYSTAL CHARACTERISTICS.—Some crystalline substances 
such as Rochelle salt, quartz, tourmaline, and even cane 
sugar, have the property of changing their shape when an emf 
is impressed upon the crystal. The action is also reversible— 
that is, if the crystal is subjected to a mechanical strain, an 
emf will be produced across the surfaces of the crystal. A 
strain in one direction produces certain polarity between 
the surfaces; if the direction of the strain is reversed, the 
polarity of the emf will also be reversed. This interrelation 
between mechanical and electrical stress in crystals is called 
the PIEZOELECTRIC EFFECT. 
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The magnitude of the response obtained from the crystal 
depends on the type of crystal used, the way it is cut, and 
the manner in which the emf is impressed. Roohelle salt is 
perhaps the most active, but it is also affected to a large 
extent by heating, aging, mechanical shock, and moisture. 
Quartz, while less active, is more rugged than Rochelle salt. 

Another and more important ‘advantage of the quartz 
crystal is its inherently higher Q. This results from the low 
damping, which in turn is due to the hardness of the crystal 
and its low internal friction when vibrating. Values of Q 
above 25,000 are possible; and if air damping is reduced 
sufficiently, Q’s of the order of several hundred thousand 
are possible. 

Since a high Q is necessary for frequency stability, quartz- 
crystal oscillators are widely used. 

Quarts crystals used in oscillator circuits must be cut and 
ground to accurate dimensions. For example, the dimen- 
sions for a typical quartz crystal resonant at 1,000 kc would 
be approximately 110.1125 inch. All crystals, however, 
are not in the shape of a rectangular plate such as this. For 
use at the higher frequencies some of the crystal elements 
are disk shaped, similar to a coin. For precise test work, 
crystals may be cut in the form of a flat ring. 

Electrical contact with the crystal is made by means of a 
crystal holder consisting of two metal plates, between which 
the crystal is placed, and a spring device that places mechani- 
cal pressure on the plates. 

Crystals are classified according to the way they are cut 
from the original quartz crystal. Figure 7-14 shows the 
approximate form of a raw crystal, a cross section of the 
crystal, and a section of the crystal in which three of the 
possible cuts are indicated. 

The Z, or optical, axis is not important electrically because 
no piezoelectric effect is produced by the application of 
electrical stresses in this direction. The X axes drawn 
through the corners of the hexagon (fig. 7-14, B) are called 
the ELECTRICAL axes, and the Y axes drawn perpendicular 
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TYPES OF CUTS 





Figure 7-14.—Quartz crystal. 


to the faces of the hexagon are called the MECHANICAL AXES. 
Designation of the axes as electrical or mechanical, aids in 
defining the type of cut. For example, in figure 7-14, C, the 
X-cut crystal is shown cut perpendicular to one of the X 
axes. During one-half of the r-f voltage cycle impressed 
across the flat surfaces of this X-cut crystal it will expand 


325772 O—55 21 313 


along the axis perpendicular to its flat surfaces, and during 
the other half cycle it will contract. Likewise, the Y-cut 
crystal is cut perpendicular to one of the Y axes. The AT 
cut is made at approximately a 35° angle with the Z axis. 
Each of the other cuts such as the BF, CF, DT, and GT cuts, 
has distinctive characteristics. 

Temperature has different effects on the various types of 
cuts. The X-cut crystal has a negative temperature co- 
efficient—that is, as the temperature increases, the frequency 
decreases. The Y-cut crystal has a positive temperature 
coefficient—as the temperature increases, the frequency 
increases. Both of these effects are undesirable, and there- 
fore these two types of cuts have been replaced by others. 
The AT-cut shown in figure 7-14, C, has a temperature 
coefficient that is very nearly zero—that is, its frequency 
changes only slightly with changes in temperature. The 
GT-cut (not shown) has the lowest temperature coefficient 
of any of the cuts. 

Where the frequency of the oscillator must be maintained 
within a few cycles of the assigned frequency, as in standard 
broadcast transmitters, the crystal is placed in a tempera- 
ture-controlled chamber. Changes in frequency due to 
changes in temperature are thus maintained at a minimum 
value, consistent with the ability of the thermostats to keep 
the temperature constant. 

When a crystal starts vibrating at its resonant frequency, 
it requires only a small force operating at the same frequency 
to obtain vibrations of a large amplitude. When an alter- 
nating voltage is applied to a crystal that has the same 
mechanical frequency as the applied voltage, it vibrates and 
only a small applied voltage is needed to keep it vibrating. 
In turn, the crystal generates a relatively large voltage at its 
resonant frequency. 

If a crystal is placed between the grid and cathode of an 
electron tube, and a small amount of energy is fed back from 
the plate circuit of the crystal to keep it oscillating, the 
circuit will act as an oscillator. The natural frequency of 
a crystal is critical, and if the frequency fed back is slightly 
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higher or lower than this value the crystal will stop vibrating. 
Thus, the frequency of the crystal-controlled oscillator must 
be the same as that of the natural frequency of the crystal. 

Crrcuir operation.—A crystal-controlled oscillator em- 
ploying a triode tube is shown in- figure 7-15. The equivalent 
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Figure 7-15.—Crystal-controlled oscillator circuit using a triode tube. 


electrical circuit of crystal X is also shown. In the equivalent 
circuit, the inductance, L, represents the electrical equivalent 
of the crystal mass that is effective in causing mechanical 
vibration; R is the electrical equivalent of internal resistance 
due to friction; C2 is the capacity effect of the metal crystal 
holders; and (C1 is the reciprocal of the crystal stiffness— 
that is, comPLIANCE, which is the equivalent of capacitance 
in the electrical system. 

Feedback takes place through the plate-to-grid capacitance 
within the electron tube, and the bias voltage is established 
across #1, Capacitor C3 has a small capacitance and is 
shunted across the crystal in order to obtain a fine adjust- 
ment of the operating frequency by changing the capacitance 
of the equivalent electrical circuit. The output voltage 
appears across R2. 

Oscillations occur at the resonant frequency of the crystal, 
and the plate circuit is tuned to a slightly higher frequency 
by decreasing the capacity of C5 so that the plate tank 
presents inductive reactance to the crystal grid circuit. 

ADJUSTING A CRYSTAL-CONTROLLED OScILLATOR.—In ad- 
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justing a crystal oscillator, the factor of stable operation 
must be considered. In figure 7-15, a d-c milliammeter is 
connected in series with the B+ lead to the plate tank 
circuit, and C5 is changed from a low to a high value of 
capacitance (tuned to a lower frequency). The plate current 
will slowly decrease to a MINIMUM at the exact resonant 
frequency of the crystal oscillator, as shown at point C in 
figure 7-16. At this point the output of the plate tank 
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Figure 7-16.—Crystal-oscillator plate-current tuning curve. 


circuit is maximum (minimum direct current indicates maxi- 
mum a-c output). Just to the right of point C the plate 
current suddenly increases to its maximum value, and oscilla- 
tions cease. 

The crystal frequency is slightly below the natural resonant 
frequency of the plate tank, and the tank, therefore, looks 
like an inductor. The feedback circuit is a series connection 
of the plate tank, grid crystal, and plate-to-grid capacitance 
of the triode. As long as the feedback is positive the oscil- 
lator operates at the crystal frequency. As the capacitance 
is increased beyond point C, the tank suddenly looks like a 
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capacitor instead of an inductor and the feedback becomes 
megative instead of positive. Oscillations therefore cease, 
a.nd plate current rises rapidly. 

In order to stabilize the operation, the capacitance is 
Clecreased (the resonant frequency is increased) to a value 
somewhere between A and C—for example, at B. The 
output is thereby reduced, but the operation is much more 
stable and slight changes in loading will not cause the 
oscillator to cease functioning. 

The strength with which the crystal vibrates at its resonant 
frequency depends on the voltage fed back to it. The feed- 
back is controlled by adjustment of the tuning of the plate 
tank circuit. If the feedback is too great, the vibrations may 
have sufficient magnitude to crack the crystal. The use of 

tetrodes and pentodes makes possible a reduction in feedback 
and thus overcomes this difficulty. Sufficient oscillations are 
still generated because these tubes are more sensitive than 
triodes and require less grid voltage for satisfactory operation. 
The circuit connections for tetrode or pentode crystal- 
controlled oscillators are modified to provide the correct 
amount of feedback and to supply the necessary screen-grid 
voltage. 


RESISTANCE-CAPACITANCE OSCILLATORS 


Resistance-capacitance oscillators depend for their opera- 
tion on the charge and discharge of a capacitor in series with 
a resistor, whereas inductance-capacitance oscillators depend 
on the resonant interchange of energy between a capacitor 
and an inductor. A better understanding of the action of 
resistance-capacitance oscillators may be gained through a 
brief review of the growth and decay of current in an R-C 
series circuit, as treated in texts on basic electricity. 

Although there are various types of resistance-capacitance 
oscillators such as saw-tooth generators, multivibrators, 
blocking oscillators, and switching and counting circuits, only 
the basic saw-tooth generators and one of the typical multi- 
vibrator circuits are treated in this chapter. Other circuits 
will be treated as needed in advanced training courses. 
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Saw-Tooth Generator 


Voltages having saw-tooth waveforms are widely used in 
television, radar, and many other electronic devices including 
test equipment. In each of these applications the saw-tooth 
wave is used to sweep the electron beam across the fluorescent 
screen of a cathode-ray tube. 

NEON-TUBE SAW-TOOTH GENERATOR.—One of the simplest 
devices for developing this type of waveform is the gas-tube 
relaxation oscillator, shown in figure 7-17. Capacitor C is 
charged through resistor F until the potential across C reaches 
a value high enough to ionize the gas in the tube. Until this 
time the tube has a high impedance, but at the ionization 
potential its impedance drops to a low value and C discharges 
rapidly through it. When the voltage across C falls below 
the ionizing potential, the initial high impedance across the 
tube is reestablished and the capacitor stops discharging. 
Because the voltage across C is less than the value required 
to ionize the tube, the capacitor again charges. 

For a given supply voltage, the frequency of the saw-tooth 
voltage depends upon the RC time constant and is varied by 
adjusting R. i 

A consideration of figure 7-17, B, indicates that the output 
voltage varies between the deionizing potential and the firing 
potential of the gas tube. The full B-supply voltage is not 
applied across C because the firing potential is a much lower 
value and the difference appears across R. Likewise, C does 
not completely discharge because when the deionizing 
potential is reached, C stops discharging. The capacitor 
voltage follows a normal RC charging curve between these 
two limits. The discharge follows a similar curve except 
that the discharge time is only a small fraction of the charge 
time because the resistance of the discharge path is only a 
small fraction of the resistance of the charge path and the 
curve is much steeper. 

The output voltage curves for increased RC time constant 
and for increased B potential are shown in figures 7-18. For 
example, in figure 7-18, A, increasing the resistance, R, 
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Figure 7-17.—Circuit of a neon saw-tooth generator. 
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Figure 7-18.—Curves resulting from a variation in circuit constants. 
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increases the time necessary for C to charge to the ionizing 
potential, and the frequency is correspondingly decreased. 
Conversely, increasing the supply voltage (fig. 7-18, B) 
decreases the time necessary to charge C to the firing 
potential, and the frequency is correspondingly increased. 

'THYRATRON SAW-TOOTH GENERATOR.—The thyratron, or 
gas-filled triode, is generally used to produce saw-tooth 
waveforms and has certain advantages over the simple neon- 
tube saw-tooth generator. For example, the thyratron is 
more stable—that is, changes in the applied voltages or fre- 
quency do not alter its characteristics so readily. The 
deionizing time also is reduced. 

The thyratron operates much the same as the neon tube 
except that the 10N1zING potential is controlled by the grid. 
The pEIoniziNG potential is affected very little by the grid 
bias. The more negative is the grid with respect to the 
cathode, the higher is the ionizing potential and the lower 
the frequency. A simple thyratron saw-tooth generator cir- 
cuit and the output waveforms with high and low values of 
grid potential are shown in figure 7-19. The approximate 
frequency of the saw-tooth voltage is 


1 
5 re Se 
2.302 RC logio Poe 

ie 





where f is the frequency in cycles per second, F the total 
charging resistance in megohms, C the total capacitance in 
microfarads, E, the plate supply, EZ, the deionization poten- 
tial, and E, the ionization potential in volts. 

In this circuit the B-supply voltage of course must be 
larger than the ionizing potential of the tube. If a low poten- 
tial is used, the output will have greater nonlinearity ; in other 
words, a longer time will be required for capacitor C to be- 
come charged, and therefore the full charge curve is used. 
On the other hand, if a high voltage is used, only the lower, 
more linear, portion of the curve is utilized before the ioniza- 
tion potential is reached. 
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Figure 7-19.—Thyratron saw-tooth generator and output waveforms. 


SYNCHRONIZED THYRATRON SAW-TOOTH GENERATOR.—A 
gas-tube relaxation oscillator does not produce oscillations 
that are stable in frequency. It can be synchronized with 
a constant frequency, however, by injecting a small voltage 
of the desired frequency into the grid circuit. A saw-tooth 
oscillator stabilized in this manner is shown in figure 7-20. 

Circuit operation may be explained as follows: The oscil- 
lator is adjusted until its natural frequency is somewhat 
lower than that of the synchronizing signal, as indicated by 
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Figure 7-20.—Synchronized thyratron saw-tooth generator and waveforms. 


the dotted saw-tooth curve (without sync signal) in figure 
7-20, B. Without the sync signal the tube fires at points 
A, C, etc., but with the signal, the firing potential varies 
according to the instantaneous value of the grid potential. 
In other words, when the positive half of the sync signal is 
applied to the grid, the firing potential is reduced and the 
tube fires at points B, D, etc.; and, when the negative half 
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is applied, the firing potential is increased. If the synchro- 
nizing voltage is applied, the time for each oscillation is 
reduced from AC to BD, and the oscillator is locked to the 
frequency of the sync voltage. The oscillator may also be 
locked to a multiple or submultiple of the sync voltage. 

The vertical and horizontal sweep oscillators (not neces- 
sarily thyratrons) in television receivers are typical circuits 
controlled by sync pulses sent out by the transmitter. 


Multivibrators 


A multivibrator is an electron-tube oscillator that utilizes 
two tubes or two sections of one tube to feed the output of one 
tube to the input of the other (and vice versa) by means of a 
resistance-capacitance coupling network. The output is es- 
sentially square wave, and for a FREE-RUNNING multivibrator, 
the frequency is determined by the values of Rand C. The 
frequency may be easily controlled by the application of an 
externally generated signal to the circuit. When this type 
of signal is applied, the circuit is referred to as a DRIVEN 
multivibrator. 

Before the multivibrator cycle of operation is analyzed, 
the following properties of electron-tube circuits are reviewed : 


1. When the grid becomes less negative (more positive) 
with respect to the cathode, the plate current increases, 
and vice versa. 

2. An increase in current through the plate load resistor 
causes a greater JR drop across it, and therefore the 
plate voltage is reduced. Conversely, lower plate cur- 
rent results in higher plate voltage. 

3. There is a 180° phase shift between the grid signal 
voltage and the a-c component of plate voltage. 

4, The voltage cannot build up or decay instantaneously 
across a capacitor. 

5. Current flow through a resistor is from the negative 
end to the positive end. 
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6. A capacitor requires a definite time to charge or dis- 
charge through a resistor. The time necessary for a 
capacitor to charge to 63 percent or to discharge to 37 
percent of its final voltage is known as the TIME CON- 
sTANT of the circuit. Its value in seconds is equal to 
the product of the resistance in ohms and the capaci- 
tance in farads. 

Eccies-JoRDAN TRIGGER circuIT.—The basic multivi- 
brator will be more easily understood if the action of the 
Eccles-Jordan trigger circuit is considered first. This type 
of circuit is used where an effect that is electrically the same 
as opening or closing a switch is desired. It is also used as a 
counting or scaling device. 

In the strict sense of the word the Eccles-Jordan trigger 
circuit (fig. 7-21) is not an oscillator. It is instead a circuit 


R1 9 B+ R2 








—_—T 
TRIGGER 


Figure 7-21.—Eccles-Jordan trigger circuit. 


that has two conditions of equilibrium. One condition is 
when V1 is conducting and V2 is cut off, and the other is 
when V2 is conducting and V1 is cut off. Both conditions 
are quiescent—that is, there is no change in current or in 
any of the potentials until the tube is triggered by an ex- 
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ternal signal. When the trigger pulse is applied, the non- 
conducting tube conducts and the conducting tube ceases 
to conduct. On the next pulse, the reverse operation occurs. 
This circuit is thus aptly called a FLIP-FLOP CIRCUIT. 

The grids of V1 and V2 are connected to voltage divider 
networks. The voltage divider network for V1 includes R2, 
R4, R5, and E.. The network for V2 includes F1, R3, R6, 
and £,. The voltage drops across 25 and R6 are individually 
less than F, and because these voltages subtract from E., 
the grids are always negative with respect to the cathodes. 

The action of the Eccles-Jordan circuit is as follows: 

1. Assume that the cathodes are heated and that B voltage 
is applied to both tubes. If both tubes and their corre- 
sponding elements were exactly alike, equal currents 
would flow through the plate circuits. It is not likely, 
however, that the two tubes and their circuit elements 
would be balanced so exactly as to permit this to occur. 
Actually one tube starts to conduct an instant before 
the other or conducts more heavily than the other. 
Assume that V1 (fig. 7-21) conducts more current than 
v2. 

2. The voltage drop across R1 is greater than the drop 
across 22, and the voltage at the plate of V1 is lower 
than the voltage at the plate of V2. 

3. The lower voltage on the plate of V1 reduces the voltage 
across #6 and increases the negative bias on V2. The 
current of V2 is further reduced. 

4. Therefore the voltage at the plate of V2 is increased, 
and in turn the drop across #5 is increased, reducing 
the negative bias on the grid of V1. Current in the 
plate circuit of V1 is further increased and the plate 
voltage is further decreased. 

5. The action is cumulative, and very quickly a condition 
is reached when the plate current of V1 reaches a 
maximum and the plate current of V2 is cut off. This 
is one condition of stable equilibrium. During this 
quiescent period the drop across 25 is larger than the 
drop across R6. 
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6. Assume that a positive-going signal is applied simul- 
taneously to the grids of both tubes at the trigger input. 
Since V1 is already passing a heavy current, the positive 
pulse on its grid has little effect on the flow of current 
through the tube. Tube V2, however, is cut off and 
the positive pulse on its grid, if of sufficient amplitude, 
removes the negative bias momentarily. Current then 
flows in the plate circuit of V2. 

7. Plate voltage of V2 is reduced, and the reduced voltage 
across 25 makes the grid of V1 more negative. 

8. Plate current in V1 is reduced and the plate voltage 
of V1 is increased. 

9. The increased voltage of V1 increases the drop across 
R6, further reducing the bias on V2, and its plate 
current continues to increase, thus applying more 
negative bias to V1. 

10. Current in V1 quickly ceases, and at the same time 
current in V2 reaches saturation. 

If negative-going pulses had been used, the conducting 
tube would have been the first one affected. Its plate cur- 
rent would have been decreased, with the same end result 
(V1 cut off and V2 conducting). One alternation is thus 
completed for each pulse, and two pulses are necessary to 
complete a full cycle. 

Basic FREE-RUNNING MULTIVIBRATOR.—The basic free- 
running multivibrator circuit is shown in figure 7-22. Sucha 
vibrator circuit is simply a two-stage R-C coupled amplifier 
with the output of the second stage coupled through C1 to the 
input of the first stage and the output of the first stage 
coupled through C2 to the input of the second stage. 

Because the voltage that is fed back in each case is of the 
proper polarity to reinforce the voltage on the grid of the 
tube receiving the feedback voltage, signals are reinforced 
and oscillation takes place. 

The operation of the basic free-running multivibrator 
shown in figure 7-22, A, may be summarized as follows: 

When the cathodes are heated and the plate potential is 
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Figure 7-22.—Basic free-running multivibrator and waveforms. 


applied, both tubes begin to conduct. Initially the plate 
currents are nearly equal, but there is always a difference 
between them. The slight initial unbalance brings about a 
cumulative or regenerative switching action, which in this 
example is assumed to end with 7,, increased to a maximum 
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Figure 7-22.—Basic free-running multivibrator and waveforms—Continued 
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value of i,, reduced to zero. Although described as if it 
occurred slowly, this switching occurs with extreme rapidity— 
in a fraction of a microsecond in a well-designed multivi- 
brator. This action is followed by a relatively long period in 
which the tubes are quiescent. During this interval one 
capacitor charges and the other discharges. 

Assume that initially i,, rises more rapidly than i,3. 
Plate voltage e,, falls (because of the increased drop in R3) 
and C2 discharges through R2, making the grid of V2 
negative, thus reducing i,,. Plate voltage e,. rises (because 
of the decreased drop across R4) and C1 charges through F1, 
thus applying a positive bias to the grid of V1. The plate 
current of V1 rises to 8 maximum value, and V2 is cut off. 

The charge path for C1 and the discharge path for C2 are 
shown in figure 7-22, B. The waveforms of plate current 
and plate and grid voltages are shown in figure 7-22, C. 

The negative grid voltage applied to V2 results from the 
discharge of C2 through R2 and returns to zero as the 
capacitor discharge is completed. When the bias is reduced 
to the cutoff-point plate current i,; begins to flow, and a 
second switching action takes place. This switching action 
is like the first except that i,, is increasing and i,, is decreas- 
ing. Plate voltage e,2 decreases (because of the increased 
drop across R4) and C1 discharges through R1, making the 
grid of V1 negative, thus reducing plate current i,,. Plate 
voltage ¢,; rises (because of the decreased drop across R3) and 
C2 charges through R2, making the grid of V2 positive. 
Thus the second switching action ends with V2 carrying 
maximum current and V1 cut off. 

During the cycle of operation, current is maintained at 
a relatively steady value in one tube during the interval 
that the other tube is cut off. The action repeats continu- 
ously with first one tube and then the other conducting. 

The frequency of the oscillations depends on the time con- 
stants of thecouplingnet works, R,C,and R,C;. Forauniform 
waveform, R,=R, and C,=C;. The frequency is expressed 
as 
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f= 1,000 — 1,000 
RiC:+R:C, 2R,C,’ 


where f is in kilocycles, R, in ohms, and C, in microfarads. 

MULTIVIBRATOR SYNCHRONIZED BY SINE WAVES.—Be- 
cause free-running multivibrators have poor stability they 
are often synchronized with another frequency that forces 
the period of the multivibrator oscillation to be exactly the 
same as that of the synchronizing frequency. Such a multi- 
vibrator is said to be driven by the synchronizing voltage. 

Sine waves or pulses are generally used for synchronizing 
purposes, although waveforms of almost any shape could be 
used. Synchronization by means of sine waves will be 
considered first. The synchronizing signal may be injected 
at the cathode or between the grid and cathode; however, 
only cathode injection is considered in this chapter. 

Figure 7-23 shows a multivibrator with the synchronizing 
sine-wave voltage, e,, applied to the cathode. A set of volt- 
age curves is also shown in order to clarify the discussion. 

The actual grid-to-cathode voltage of V1, which is the 
voltage controlling the flow of plate current, is the algebraic 
sum of ¢,, and ¢,. The source of the sinusoidal synchronizing 
voltage should have a low internal impedance so that the 
flow of i,, through this source will not bring about an altera- 
tion in the shape of the wave. 

The operation of the circuit may be explained as follows: 

If the multivibrator is properly balanced and running 
freely, the voltage curve of e,, is that shown between time A 
and time B in figure 7-23. Because there is no synchronizing 
voltage on the cathode, its voltage remains constant at 
ground potential. 

At time B the synchronizing voltage is applied and & 
begins to vary sinusoidally. Although e,; is not affected by 
this variation, the grid-to-cathode potential now contains 
this sinusoidal voltage component. Thus, the effective 
cutoff voltage of the tube varies sinusoidally about its normal 
cutoff value in phase with the synchronizing voltage on the 
cathode. The cathode voltage curve, e,, and the effective 
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cutoff voltage curve, é¢o, are shown with the e,; curve in order 
to explain the synchronizing action. 

The instant at which V1 conducts occurs when the e,, 
curve crosses the e,. curve. At instant B, e, starts to rise in 
& positive direction and i,, is decreased. The positive-going 
voltage produced at the plate of V1 initiates the switching 
action via (2 to the grid of V2 and from the plate of V2 via 
C1 back to the grid of V1. Then e,; drops along line BC 
instead of along DE, as it would in the free-running state, 
and V1 is quickly cut off. C1 discharges along curve CFG; 


B+ 
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Figure 7-23.—Multivibrator with sine-wave synchronizing voltage applied to 
the cathode. 
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but since the e,, curve intersects the ¢.. curve at F, the 
switching action by which V1 is made conducting and V2 
is cut off takes place at F, instead of at @ as it would in the 
free-running state. 

The switching action drives the grid of V1 positive, but 
the resulting grid current quickly charges Cl, and the grid 
returns to cathode potential. The grid voltage, e,;, does not 
follow curve HJ, as it would in the free-running state. 
Instead, the grid draws current because the synchronizing 
voltage causes the cathode to be negative with respect to 
ground at this time, and e,, follows the cathode voltage 
along curve HK. When the cathode voltage begins to rise 
in a positive direction the plate current of V1 starts to 
decrease. At instant K the rise in voltage at the plate of V1, 
resulting from the decrease in i,,, is large enough to drive 
V2 into conduction, and the tubes are rapidly switched. . 

The action of the sine-wave synchronizing voltage forces 
the time of one cycle to be shorter and the frequency to be 
higher than it would be without the synchronizing signal. 
Switching in one direction occurs at instants F, F’, F’’, etc., 
and switching in the other direction occurs at instants K, 
K’', K’’, etc. With the exception of the short transition 
time, the period of the multivibrator is equal to the period 
of the synchronizing voltage. Thus, the multivibrator is 
said to be synchronized. 

The synchronizing voltage can make the multivibrator 
operate above or below its natural frequency. However, if 
an attempt is made to pull the multivibrator to a frequency 
that is too high, it will synchronize at a frequency that is 
one-half or some other division of the synchronizing fre- 
quency, and FREQUENCY DIVISION may be obtained. 

MULTIVIBRATOR SYNCHRONIZED BY PULSES.—Multivi- 
brators may be synchronized also by short positive or nega- 
tive trigger pulses. Figure 7-24 shows the effects of positive 
pulses on the multivibrator grid-voltage waveform. 

A positive pulse insufficient to drive the grid above 
cutoff applied to a nonconducting tube at instant A does 
not cause switching action. The only effect is to reduce the 


333 





Figure 7-24.—Waveforms on the synchronized grid of a multivibrator driven 
by positive pulses. 


negative bias slightly, as shown at A’. A positive puls? 
applied to a tube that is already conducting (points B or C\ 
serves only to increase momentarily the grid voltage and 
thus to increase the plate current momentarily. It has no 
effect on the action of the multivibrator. 

With the exception of the variations in the e, waveform 
at times A’, B’, and C’ the multivibrator is essen tially free 
running. If applied at instant D, however, the positive 
trigger pulse is sufficient to overcome the negative voltage 
on the grid and drives the grid above cutoff. The cycle of 
the multivibrator is thereby shortened by an amount EF. 

For proper synchronization, the natural period of the 
free-running multivibrator must be greater than the time 
interval between pulses. Under these circumstances the 
positive trigger pulses cause the switching action to occur 
earlier in the cycle than it would in the free-running state. 
Thus, the tube conducts at E, G, and @’, whereas it would 
have conducted later in each instance had the pulses not 
been applied. Under these circumstances the frequency of 
the multivibrator is forced to become the same as the repeti- 
tion frequency of the trigger pulses. 

The multivibrator may be synchronized to a submultiple 
of the trigger frequency if both frequencies are such that 
every second, third, fourth, etc., synchronizing pulse occurs 
at the right time so that it will drive the grid voltage of the 
nonconducting tube above cutoff. 
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The multivibrator may be used as a sweep-frequency 
generator for cathode-ray tube applications—as in television, 
where magnetic deflection is commonly used. The horizontal 
and vertical oscillators in the receiver are triggered by 
pulses sent out from the transmitter so that they will be 
locked in step with similar oscillators at the transmitter. 
The multivibrator may be used as a source of square waves, 
as an electronic switch for various applications, or as a 
means of obtaining frequency division. It is often used to 
introduce a time delay between the operation of two circuits 
by using the leading edge of the square wave to trigger one 
circuit and the trailing edge to trigger another. The time 
delay can be controlled by varying the RC time constants 
of the multivibrator circuit. 

In television transmitters and in radar the action of the 
multivibrators is accurately timed by triggering them with 
pulses from a master oscillator circuit. 

When used as an electronic switch, one multivibrator 
tube allows its associated amplifier to function normally 
while the second multivibrator tube holds its amplifier cut 
off, and vice versa. In radar, multivibrators are used prin- 
cipally as electronic switches to produce GATE VOLTAGES 
that permit a part of a circuit to operate only during an 
accurately controlled time interval. 


QUIZ 


1, What are two conditions necessary to produce sustained oscillations 
in an electron-tube oscillator? 

2. What determines the upper frequency limit of electron-tube 
oscillators? 

3. In a tickler-feedback oscillator what grid circuit test may be made 
to indicate proper operation? 

4, How is energy coupled from the plate circuit back into the tuned 
grid circuit in the series-fed Hartley oscillator shown in figure 7-3? 

5. In a series-fed Hartley oscillator what action maintains the oscilla- 
tions in the tank circuit when the plate current is zero and no 
energy is being supplied to the oscillator circuit? 

6. What is the advantage of self-bias in a series-fed Hartley oscillator? 

7, What circuit arrangement distinguishes the shunt-fed Hartley 
oscillator from the series-fed type? 
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11. 
12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 
26. 
27. 
28. 


29. 


30. 


. How does the voltage divider in the Colpitts oscillator tank circuit 


differ from the one used in the Hartley oscillator? 


|. How is feedback obtained in a tuned-plate tuned-grid oscillator? 
10. 


Which tuned circuit in terms of the relative tank circuit Q (high 
or low) in a TPTG oscillator determines the oscillator frequency? 
Push-pull oscillators are generally used in what frequency ranges? 
The electron-coupled oscillator combines the function of oscillator 
and amplifier in which respective circuits (fig. 7-9)? 

What effect does increasing the plate voltage have on the frequency 
of an electron-coupled oscillator? 


How is the effect of negative resistance produced in the transitron 
oscillator of figure 7-10? 


What are the advantages of quartz over Rochelle salt when used 
as oscillator crystals? 


What is the difference between the X-cut and the Y-cut crystal 
as far as the temperature effect on frequency is concerned? 


What type of cut has a nearly zero temperature coefficient? 


How is a high degree of frequency stability maintained in the 
oscillation section of a standard broadcast transmitter with respect 
to temperature changes? 


Why do oscillations cease in the crystal-controlled oscillator of 
figure 7-15 when the capacitance is increased beyond the point 
where the dip in the plate-current tuning curve occurs? 


Why are tetrodes or pentodes frequently used in crystal oscillators? 


For a given supply voltage upon what does the frequency of a 
neon-tube saw-tooth generator depend? 


What effect does increasing the B-supply voltage have on the 
frequency of a neon-tube saw-tooth generator? 


Name two advantages of the thyratron saw-tooth generator over 
the neon-tube saw-tooth generator. 


What is the advantage of using a high B-supply voltage on a 
thyratron saw-tooth oscillator? 


Sketch an Eccles-Jordan trigger circuit. 
What determines the frequency of a free-running multivibrator? 
Why are multivibrators often synchronized with another frequency? 


At what two positions in the multivibrator circuit are sync signals 
commonly injected? 


What is the result of “‘pulling’’ the multivibrator frequency to a 
value that is too high? 


What is the principal use of multivibrators in radar sets? 
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CHAPTER 


MODULATION AND DEMODULATION 
INTRODUCTION 


Mopwv.tation is the process by which the amplitude or 
frequency of a sine-wave voltage (the CARRIER) is made to 
vary with time according to the voltage or current variations 
of another (MopuLATING) signal. The carrier is usually of a 
higher frequency than the modulating signal. 

DEMODULATION, or DETECTION, is the process by which 
the audio signal is recovered from the carrier at the receiver. 

Audio frequencies extend from 15 cycles per second to 
20,000 cycles per second, as shown by the audio-frequency 
spectrum in figure 8-1. The human voice extends from 
about 87 cps to 1,175 cps. The violin has a range of from 
about 200 cps to 3,000 cps, and the bass viol extends from 
about 40 cps to 250 cps. The pure tones of the piccolo 
extend to about 5,000 cps. However, combinations of sound 
frequencies produce harmonics that extend up to 20,000 cps. 
These combinations of frequencies give to the speech or 
music the identifying characteristics that distinguish one 
person from another and one type of musical instrument 
from another. 

For the following reasons it is not practical to transmit 
electromagnetic waves at audio frequencies—that is, without 
the use of a modulated r-f carrier: (1) The range of such 
transmission would be very limited because of the poor 
radiation efficiency of antennas at these low audio frequen- 
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Figure 8-1.—Audio-frequency spectrum. 


cies; (2) all transmitters would operate in the same frequency: 
range, and therefore the signals could not be separated in the 
receivers; (3) the antennas would have to be excessively long 
to be in resonance at the middle frequency in the audio range 
(it follows that the antenna would be considerably out of tune 
at the end frequencies); and (4) the inductors and capacitors 
would have to be very large in order to produce resonance at 
these low frequencies. 

These problems may be overcome by the use of a modu- 
lated r-f carrier at the transmitter end and a method of 
removing the modulation at the receiver end. The effi- 
ciency of radiation is thereby improved; each carrier with 
its associated modulation component is confined to a rela- 
tively narrow band in the r-f spectrum; and interference 
(while still a problem in certain instances) is not intolerable. 


AMPLITUDE MODULATION 


Amplitude modulation (a-m) may be defined as the varia- 
tion of the strength of the r-f output of a transmitter at an 
audio rate. In other words, the r-f energy is made to 
increase and decrease in power according to the audio (sound) 
frequencies. If the audio frequency is high, the radio 
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frequency must vary in amplitude more rapidly than if the 
audio frequency were low. If the a-f tone is loud in volume, 
the r-f energy must increase and decrease by a larger per- 
centage than if the a-f tone were soft. Thus, the r-f varia- 
tion must correspond in every respect with the a-f variations. 

Figure 8-2 indicates that the resultant wave with single- 
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Figure 8-2.—Curves showing how the carrier and side bands combine to 
produce an a-m wave with 100-percent modulation. 


tone amplitude modulation consists of three separate waves. 
The carrier with no modulation is shown in figure 8-2, A. 
The lower side band has a frequency equal to the difference 
between the modulation and carrier frequencies and is shown 
in figure 8-2, B. The upper side band has a frequency equal 
to the sum of the carrier and modulation frequencies and is 
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shown in figure 8-2, C. The carrier and the side bands are 
not merely a mathematical abstraction; they may be sep- 
arated from one another by filters and used individually. 

In an a-m wave only the side bands contain the intelligence 
to be transmitted; the audio frequency as such is not trans- 
mitted. Because the modulating frequencies are the infor- 
mation to be transmitted, as much power as possible should 
be put into the side bands. In other words, the amplitude 
of the modulated carrier wave should be varied as much as 
possible. When the amplitude is carried completely to zero 
during the modulation cycle, as in figure 8-2, D, the modula- 
tion is 100 percent; and the side bands contain the maximum 
permissible amount of power, or one-half the carrier power, 
because modulation greater than 100 percent causes distor- 
tion. 


Bandwidth Requirements 


Because an a-m wave has side bands on each side of the 
carrier, the transmission of information by amplitude modu- 
lation requires the use of a band of frequencies rather than 
a single frequency. Music may contain frequency compo- 
nents as high as 15,000 cps, so that music modulated upon a 
carrier produces side-band components extending to 15,000 
cycles on each:side of the carrier frequency. 

Local a-m broadcast stations are allocated a total band- 
width of only 10 ke (5 ke on each side of the carrier frequency) 
because of the large number of stations on the air. Since the 
total bandwidth is only 10 ke, audio frequencies above 5 ke 
cannot be transmitted without causing interference between 
stations. 

Naval a-m communication sets operate within the rela- 
tively narrow bandwidth required by voice or code trans- 
mission. The RBB and RBC receivers utilize a narrow, 
adjustable bandwidth of only a few tenths of 1 percent of 
the carrier frequency, as the selectivity curves of the RBC 
receiver (fig. 8-3) show. A narrow bandwidth permits the 
use of more selective circuits. These selective circuits reduce 
noise and the number of interfering signals. 
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Figure 8-3.—Selectivity curves of the RBC radio receiver. 


Percentage of Modulation 


The degree of modulation in an a-m wave is expressed by 
the percentage of maximum deviation from the normal value 
of the r-f carrier. The effect of such a modulated wave, as 
measured by receiver response, is proportional to the degree, 
or percentage, or modulation. 

An a-m wave is shown in figure 8-4. The percentage of 
modulation may be determined by the equation 
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Figure 8-4.—Percentage of modulation. 


percentage of modulation=""**—“=# x 100, 
‘o 
where émax is the maximum instantaneous value of the r-f 
voltage across the transmitter tank circuit, ¢,,, the minimum 
instantaneous value of the r-f voltage, and e, the maximum 
instantaneous value of the r-f voltage in the absence of 
modulation. 
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It is important that the amplitude be varied as much as 
possible, because the output of a detector in a radio receiver 
varies with the amplitude variations of the received signal. 
Thus a comparatively low-powered, but well modulated, 
transmitter often produces a stronger signal at a given point 
than a much higher powered, but poorly modulated, trans- 
mitter located the same distance from the receiver. 

If modulation exceeds 100 percent there is an interval 
during the audio cycle when ‘the transmitter is removed 
completely from the air. For example, in figure 8-5, the 
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modulation is shown in excess of 100 percent. The audio 
voltage is assumed to have a peak value of 1,500 volts, and 
the unmodulated carrier voltage has a peak value of 1,000 
volts. A more detailed analysis of overmodulation is included 
later in this chapter under “Plate Modulation.” 
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Systems of Amplitude Modulation 


A block diagram of an a-m radiotelephone transmitter is 
shown in figure 8-6. The top row of blocks indicates the r-f 
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Figure 8-6.—A-m radiotelephone transmitter. 


section. The next row of blocks indicate the a-f section; 
and the lower block indicates the power supply, which 
provides all d-c potentials. 

The r-f section generates the high-frequency carrier 
radiated by the antenna. The methods by which the r-f 
signal is generated are treated in chapter 7. 

The a-f section includes a speech amplifier that receives 
a few millivolts of a-f signal from the microphone (chapter 9) 
and builds it up to several volts at the input to the driver 
stage. This stage is made up of power amplifiers (chapter 6) 
that convert the signal into a relatively large voltage and 
appreciable current at the input to the modulator. The 
modulation transformer is capable of handling considerable 
audio power. Its output is fed to the final r-£ power amplifier 
in such a way as to alternately add to and subtract from the 
plate voltage of the r-f amplifier. 

The result is that the amplitude of the r-f field at the 
antenna is gradually increased in strength during the time 
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the a-f output is increasing the r-f power and gradually 
decreased in strength during the time the a-f output is 
decreasing the r-f power. 

In other words, during the positive alternation of the audio 
signal (between point | and point 2 in fig. 8-6), the amplitude 
of the r-f output wave is increased, and during the negative 
alternation (between point 2 and point 3) it is decreased. 
Amplitude modulation consists of varying the amplitude of 
the r-f antenna current (and r-f output wave) gradually over 
the relatively long a-f cycle. Thus, the r-f field strength is 
alternately increased and decreased in accordance with the 
a-f signal and at the a-f rate. 

There are a number of methods of producing amplitude 
modulation, such as plate modulation, grid modulation, 
screen-grid modulation, and so forth, but the two most 
important are plate modulation and grid modulation. 

PLATE MODULATION.—One method of accomplishing ampli- 
tude modulation, called HIGH-LEVEL PLATE MODULATION, is 
shown in figure 8-7. It is called high-level plate modulation 
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Figure 8-7.—High-level plate modulation. 


because the audio signal is injected in the plate circuit at a 
high level of plate voltage. The triode class-C power ampli- 
fier, V1, is tuned to a resonant carrier frequency of 1 mega- 
cycle, The plate current is 100 milliamperes, and the plate 
voltage supply is 1,000 volts. The grid input driving voltage 
is produced by the r-f oscillator and buffer amplifier (used 
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to isolate the oscillator from the power stage), shown by 
block diagram at the left of figure 8-7. 

An audio signal of approximately 1,000 volts (peak) having 
a sine waveform and a frequency of 1,000 cps is produced by 
the a-f section shown by block diagram at the right of figure 
8-7 and appears as an output of the modulation transformer, 
M. This audio output voltage is in series with the r-f voltage 
across the tank circuit, LC, and the plate power supply, B+. 
In this example, conditions are established for the modulation 
of the 1-mc r-f output voltage with a single a-f signal having 
& sine waveform. 

The 1-me r-f carrier wave combines with the a-f signal to 
form side bands. The frequency of the r-f voltage developed 
across the plate tank is 1,000 times the audio frequency. 
Thus, the time for one complete audio cycle is long enough 
to include 1,000 cycles of r-f energy in the tank circuit, LC. 

Before an audio-modulation signal is introduced, the r-f 
signal applied to the grid of V1 causes the triode to conduct 
periodically. During each conducting period, capacitor C 
charges. When the grid swings below cutoff, the triode 
stops conducting and the capacitor discharges through the 
coil. 

The exchange of energy between the coil and capacitor 
accounts for the a-c voltage developed across the tank. In 
this exemple, the peak a-c voltage across the tank capacitor, 
C, which received its charge from the 1,000-volt B supply, is 
approximately 1,000 volts, neglecting losses. 

Plate voltage varies between 1,000+ 1,000, or 2,000 volts 
and 0 volts, as the capacitor voltage varies between + 1,000 
and —1,000 volts. Plate voltage is above the B-supply 
voltage during that part of the cycle when the grid voltage 
is below cutoff and the triode is not conducting. Plate 
voltage is below the B-supply voltage during the time the 
grid is above cutoff and the triode is conducting. Energy 
to supply the tank circuit losses comes from the B supply, 
and the flywheel effect in the tank circuit accounts for the 
sine waveform of r-f voltage and current within the tank. 

Now assume that the a-f voltage of sine waveform is 
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introduced at M in series with the r-f tank and the B supply. 
Consider that portion of the a-f cycle in which the voltage 
is gradually rising according to the sine-wave variation so 
that the polarity aids the voltage of the B supply. For 250 
cycles of radio frequency (one-quarter of one a-f cycle), the 
total voltage available for charging capacitor C in the plate- 
tank circuit is increasing from 1,000 volts to a maximum of 
2,000 volts. Assume that the capacitor charges to 2,000 
volts. The plate voltage at the end of 250 r-f cycles is a 
maximum of 2,000+2,000, or 4,000 volts. Thus, with 100- 
percent modulation, and on the positive audio peaks, the 
value of the peak-to-peak voltage across capacitor C is ap- 
proximately double the peak-to-peak value it would have 
without modulation, or 4 times the B-supply voltage. The 
breakdown voltage across the capacitor restricts the r-f 
power output permissible with voice modulation. 

The tank voltage starts to decrease between the 250th r-f 
cycle and the 500th r-f cycle as the a-f voltage falls from a 
maximum of 1,000 volts to zero volts during this period. 
From the 500th to the 750th r-f cycle the polarity of the a-f 
voltage is reversed, and reaches 8 maximum negative value 
at the 750th r-f cycle, and the tank capacitor charges up to 
the difference voltage between the 1,000-volt B supply and 
the instantaneous a-f value. At the instant the a-f voltage 
is maximum negative (—1,000 volts, at the 750th r-f cycle), 
the tank capacitor is not charging at all. The tank voltage 
is zero, and the r-f output energy momentarily becomes 
zero. Then the a-f voltage starts to fall from maximum 
negative to zero and the opposition that it offers to the 
power-supply voltage (B+) is reduced. The plate-tank 
capacitor starts charging again, and the r-f tank current 
again gradually increases during the subsequent 500 r-f 
cycles of operation. 

The transmitting antenna is coupled to the tank, and the 
instantaneous antenna current increases and decreases in 
accordance with the tank-current variations. An r-f am- 
meter in the antenna circuit indicates the effective value of 
the current and not instantaneous values. 
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To understand the effective current indication correspond- 
ing to an a-m signal, study the distribution of r-f and a-f 
power in the tank circuit of figure 8-7. Before any a-f signal 
is injected, the tank circuit is assumed to be resonant. 
Plate current is 100 milliamperes and is composed of 8 rapid 
succession of nonsinusoidal pulses due to class-C operation. 
A d-c milliammeter in the plate circuit indicates a value that 
approaches the maximum value of these pulses. The mo- 
mentum of its moving coil is too great to allow it to fall 
below the maximum indication in the brief interval between 
the r-f pulses. The power supplied to the r-f tank comes 
chiefly from the plate power-supply source. This source 
supplies 1,000 volts d-c and a maximum of 100 milliamperes, 
or a power supply of 100 watts. The peak value of the a-f 
voltage introduced at M is assumed to be 1,000 volts, which 
produces in this instance 100-percent modulation. The a-f: 
voltage is assumed to be of a sine waveform; and the peak 
value of the current is assumed to be 100 milliamperes. The 
current is the same in all parts of a series circuit, and the 
output winding of the modulation transformer, M, is con- 
nected in series between the tank and B+. The a-f power 
supplied to this circuit is equal to one-half the product of 
the maximum voltage and the maximum current. Thus, 
the power supplied by the a-f modulator is 


1,000.1 =50 watts. 


The transmitter output power (neglecting losses) before 
modulation is 100 watts, and after modulation is 150 watts. 
If the equivalent antenna load resistance is assumed to be 
100 ohms, the antenna current before modulation is 


P_ /100_ 
Inq p= 1 ampere. 


When modulation oecurs, the power in the preceding 
example increases to 150 watts. The antenna current is then 
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P__ /150 
I= Vi- 4! 007 1,224 amperes, 


which is an increase of 22.4 percent. 

In the preceding example the modulation is 100 percent, 
which is the condition that exists when the audio-power input 
is equal to one-half the r-f power input. When 100-percent 
modulation occurs, antenna current increases 22.4 percent 
above the unmodulated value. 

As previously stated, if the modulation exceeds 100 percent, 
there is an interval during the audio cycle when the trans- 
mitter output is zero. For example, in figure 8-5 the modu- 
lation is shown in excess of 100 percent. Assume that the 
audio input voltage of figure 8-7 has a maximum value of 
1,500 volts instead of 1,000 volts. At the instant the audio 
voltage is maximum and adds to the power-supply voltage, 
the r-f voltage across the plate-tank circuit rises to 1,000+ 
1,500, or 2,500 volts. 

On the negative alternation of the audio cycle, when the 
audio voltage subtracts from the power-supply voltage, the 
plate voltage reverses and becomes negative with respect 
to ground during the interval a to 6 (fig. 8-5) when the audio 
voltage exceeds the voltage of the power supply. Tank- 
circuit oscillations cease during this interval because power 
cannot be supplied to the tank circuit while the plate of the 
triode is negative. This condition is called ovERMODULATION 
and results whenever the audio-modulation voltage exceeds 
the d-c voltage of the power-supply circuit. Overmodulation 
not only produces a distorted envelope, but also produces 
excessive interference to stations operating on adjacent 
channels because of the production of broad side bands. 

The circuit of figure 8-7 may be regarded as being com- 
posed of two sources of signal voltage and a common load in 
series. One source is the r-f generator, the other is the a-f 
generator, and the load is the resonant tank circuit coupled 
to the antenna load. 

Whenever two or more voltages of different frequencies are 


349 


introduced into a circuit having a common nonlinear load 
impedance (the class-c amplifier), these two voltages com- 
bine to produce two additional frequencies. These addi- 
tional frequencies are called sIDE BANDS or SIDE-BAND 
FREQUENCIES, as explained in the beginning of this chapter. 
They are the sum-and-difference frequencies of the r-f and 
a-f generators. 

Thus, in the example under consideration, the r-f genera- 
tor supplies 100 watts of power at a frequency of 1 mc; 
and the a-f generator (in the case of 100-percent modulation) 
supplies 50 watts of a-f power at a frequency of 1 kc. The 
tank circuit and the antenna coupled to it may be regarded 
as containing not only the r-f carrier current and its associated 
field (fig. 8-8) but also two closely associated currents and 





Figure 8~8.—Carrier wave and its side-band frequencies, 


their fields—one current having a frequency of 1000+1, or 
1001 ke, and the other having a frequency of 1000—1, or 999 
ke. 

The field radiated by the antenna into space at the speed 
of light may be regarded as being composed of the carrier and 
these two side bands. The carrier has a power of 100 watts, 
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neglecting circuit losses. The 50 watts of audio power are 
equally distributed in each side band. Thus, the 999-kc 
side band has a power of 25 watts, and the 1001-kc side band 
also has a power of 25 watts. When the r-f carrier is 100- 
percent modulated, one-sixth of the ToTAL power is contained 
in each side band. 

During modulation, the r-f amplifier must handle peak 
currents that are twice the normal (unmodulated) value. 
Thus, during modulation an amplifier must be capable of 
handling up to four times the power it dissipates during 
steady intervals of unmodulated carrier output. For this 
reason, in a transmitter that is designed for both continuous- 
wave (c-w) and radiotelephone service, the modulated 
amplifier stages are ordinarily reduced in carrier power output 
for phone operation. Even if the power output is not 
reduced, the phone signal is weaker because it depends on 
the side-band power, which cannot exceed one-half of the 
carrier power. 

The example under discussion has involved the simplest 
form of amplitude modulation. A single tone having sine 
waveform—like that produced by a tuning fork—constitutes 
the a-f input. Two side-band components accompany the 
r-f carrier (fig. 8-8); and when the modulation is 100 percent 
the power in each side band is one-sixth of the total input 
power. When the audio signal becomes more complex, the 
number of different frequency components increases. 

For each a-f component a sum-and difference frequency is 
generated in the output of the transmitter. The power out- 
put of the audio modulator is divided equally among the 
side-band frequencies. Thus, as the number of side-band 
frequencies increases, the amount of power contained in any 
one side-band frequency is reduced. For example, for a 
given audio power input a signal containing speech does not 
have as much strength as a code signal modulated by a 
single 1,000-cps tone. For this reason a tone-modulated 
code signal has a slightly greater distance range than voice 
modulation, for the same transmitter. 

There are various methods of producing an amplitude- 
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modulated wave, but the most important one is high-level 
plate modulation. It has been shown that the audio signal 
is introduced in series with the plate circuit of a class-C 
amplifier where the plate voltage is at a relatively high 
level—the highest power level of the entire system. A class- 
C amplifier using high-level plate modulation is more efficient 
than a class-B or class-A amplifier that must be used with 
low-level modulation. Furthermore, class-C amplifiers are 
more easily adjusted and have proportionately less plate- 
power loss. For these reasons, high-level plate modulation 
is widely used. 

Grip Moputation.—Low-level grid modulation requires 
less bulky equipment than high-level plate modulation, with 
consequent savings in space, weight, and input power. This 
type of modulation has many Navy shipboard and aircraft 
applications. The a-f signal is applied in series with the 
grid circuit of the r-f power amplifier tube. The a-f signal 
varies the grid bias, which in turn varies the power output 
of the r-f amplifier. This variation in power output causes 
a modulated wave to be radiated. This method is known as 
GRID-BIAS MODULATION. 

A circuit using grid-bias modulation is shown in figure 8-9. 
A modulation transformer is placed in series with the grid 
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Figure 8-9.—Grid-bias modulation. 
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return lead of the r-f power amplifier. The a-f voltage from 
a modulating amplifier adds to or subtracts from the fixed 
grid-bias voltage and thus controls the output power from the 
r-f amplifier. The audio modulator tube supplying the modu- 
lation transformer, M, must be operated as a class-A ampli- 
fier. Varying the grid bias of the r-f stage does not require 
a great amount of power. It is difficult to achieve any large 
degree of modulation by this method, and the r-f carrier 
output power is about one-quarter of that of the plate- 
modulated transmitter; thus, the intelligibility of the signal 
is decreased. 

TONE TRANSMISSION.—When c-w radiotelegraph signals 
are being received, the pitch of the sound in the headset 
depends upon the difference between the incoming signal 
frequency and the frequency of the heterodyne oscillator—in 
other words, the beat frequency. 

If the frequency of the c-w transmitter varies, the pitch 
of the received tone will vary. If the drift of the trans- 
mitter frequency is very great, the received signal may be- 
come inaudible. Under these conditions, the reception of 
c-w signals becomes very difficult. An obvious remedy is to 
stabilize the c-w transmitter frequency, but this is not always 
practicable or possible. In such an event, communication 
by radiotelegraph may be maintained by using a tone- 
modulated wave. This method is known as MODULATED- 
CONTINUOUS WAVE (m-c-w), Or TONE, TRANSMISSION and is 
available for use on most Navy transmitters. 

In tone transmission the r-f carrier is modulated at a fixed 
audio frequency of about 1,000 cps. The output of the 
transmitter is keyed in the same manner as for c-w trans- 
mission. An additional relay reduces the output of the tone 
generator to zero when the key is up and the r-f output is 
zero. Because a buzzer or audio oscillator is generally used 
as the tone source, the amplitude of the modulated r-f output 
wave is practically constant and the modulation can be 100 
percent. Tone modulation has a slightly greater distance 
range than voice modulation for the same transmitter. 
However, the range of tone modulation is always less than 
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that of c-w transmission on the same transmitter. Receiver 
tuning on tone signals is broader than in straight c-w recep- 
tion, and code signals are less apt to be lost as a result of 
transmitter-frequency drift. 


FREQUENCY MODULATION 


The intelligence to be transmitted may be superimposed 
on the carrier in the form of changes in the frequency of the 
carrier. This type of modulation is called FREQUENCY 
MODULATION and has certain inherent advantages over con- 
ventional a-m transmission, particularly when static-free 
transmission is desired. However, in extensive tests con- 
ducted at the Naval Research Lab (NRL), it was found that 
for general Navy use amplitude modulation was in many 
ways more desirable than narrow-band frequency modula- 
tion. Nevertheless, the Naval Communication System uses 
a limited number of f-m transmitters and receivers. Air- 
craft altimeters use frequency modulation, as do some other 
radar and sonar equipments. 


F-M Side Bands 


An a-m wave contains one upper and one lower side band 
for each modulating frequency, and they are in phase with 
the carrier. An f-m wave may contain more than one pair of 
side-band frequencies for each modulating frequency, and 
they are out of phase with the carrier. 

As shown in figure 8-10, the f-m wave consists of a carrier 
wave of frequency f, and associated side-band frequencies of 
SotSm; fo+2fm, fo+3fm, and so forth, where fm is the modulat- 
ing frequency and f, is the carrier frequency. Each line on 
each side of the center line represents a particular component 
of the f-m wave. The center line represents the carrier. The 
lines to the right of center represent the upper side-band 
frequency components, and those to the left of center repre- 
sent the lower side-band components. The lengths of the 
lines represent the energy levels of the various components. 
The horizontal distance between the center line and the last 
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significant side band (farthest removed from the center line) 
is proportional to the deviation frequency of the carrier, 
which depends in turn on the amplitude of the modulating 
frequency, fm. The side-band frequency components are 
spaced an amount equal to the modulating frequency. 

The number of side-band frequencies that contain sufficient 
energy to be important depends on the frequency deviation 
imposed on the carrier by the modulating frequency. For 
example, if the modulating frequency, fm, causes the carrier 
to deviate an amount equal to f, and no more, the first pair 
of side bands, f,+fnm, is the only pair of importance. No 
additional energy is supplied an f-m wave during modulation. 
In contrast, additional energy is supplied an a-m wave during 
modulation. The energy of the f-m wave is redistributed 
during modulation, as shown in figure 8-10. 

The carrier energy is reduced when the modulation index 


(M) exceeds 0.5. The modulation index is & where fa is 


the frequency deviation of the carrier and f,, is the modulat- 
ing frequency. During modulation, energy is taken from 
the carrier and redistributed in the side-band components. 
For the cases M=2 and M=5, some of the side-band fre- 
quency components contain more energy than the carrier. 
During strong modulating signals the energy level of the 
carrier approaches zero. 

Starting at the carrier and counting the side-band com- 
ponents consecutively in each direction, the upper odd- 
numbered side-band frequency component is 180° out of 
phase (the phase relations are not shown in the figure) with its 
associated lower side-band component. Thus the upper odd- 
numbered side-band component, f,+fm, is 180° out of phase 
with the odd-numbered lower side-band component, f,—fn. 
All even-numbered side-band frequency components are in 
phase with each other. Thus f,+2/, is in phase with f,—2fn. 
The energy levels of a given pair equally spaced from the 
carrier are always equal. 

As with amplitude modulation, the bandwidth for fre- 
quency modulation or phase modulation is determined by the 
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number of side bands associated with the carrier. An f-m 
wave with single-tone modulation theoretically has an infinite 
number of side-band pairs instead of just one pair, as in 
amplitude modulation. Fortunately, however, only a 
limited number of side bands contain sufficient energy to be 
significant. An approximation of the number of significant 
side-band frequencies may be made by assuming that the 
important side-band components extend over a frequency 
range on each side of the carrier by an amount equal to the 
sum of the modulation frequency and the carrier frequency 
deviation. 

For example, in figure 8-10 the frequency deviation of 
the carrier, f,, is assumed to be 50 kc when the modulating 
frequency, fm, is equal to 10 kc (M=5) and the bandwidth 
on each side of the carrier is approximately 50+ 10, or 60 ke, 
making a total bandwidth of 602, or 120 ke. Because the 
side-band components are spaced an amount equal to the 
modulation frequency, the product of the number of signifi- 
cant side-band components and the modulation frequency is 
equal to the bandwidth. In this example there are 8 signifi- 
cant side-band frequencies on each side of the carrier, as 
shown in the illustration at the bottom of figure 8-10. Thus 
the bandwidth is 810, or 80 ke, on each side of the carrier, 
or a total of 280, or 160 kc. The bandwidth thus depends 
upon (1) the modulation frequency and (2) the total fre- 
quency deviation of the carrier. 

Thus the bandwidth requirement of an f-m system is 
greater than the frequency deviation of the carrier by an 
amount equal to at least the modulating frequency. For 
most f-m systems the bandwidth is greater than that re- 
quired for a-m systems. F-m transmission is made on higher 
carrier frequencies (88 to 108 mc for commercial channels) 
to obtain the necessary number of wide-band channels. 

For commercial high-fidelity broadcast transmission, 15 
ke is the highest modulation frequency. The maximum 
frequency deviation of the carrier is limited by the Federal 
Communications Commission (FCC) to 75 ke on each side 
of the carrier frequency. The ratio of frequency deviation 
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to modulation-frequency, or modulation index M, is there- 
fore Bas. As previously noted for a modulation index of 
5, there are 8 important side bands. Because the side bands 
are spaced 15 ke apart, the bandwidth requirement is 8X15, 
or 120 kc, on each side of the carrier. 

Although the FCC regulation limits the carrier shift to 
+75 ke, some significant side bands may extend beyond this 
frequency. A guard band of 25 kc on each side of the allow- 
able frequency swing of +75 kc is established to take care 
of most of the significant side bands beyond the established 
limits. 

Naval communications sets do not need high-fidelity re- 
sponse and therefore use modulating frequencies up to only 
8 few thousand cycles. As shown in figure 8-10, when lower 
frequencies are used to modulate the carrier, the required 
bandwidth becomes narrower and approaches a value equal’ 
to twice the maximum frequency deviation of the carrier. 
Narrow-band frequency modulation, therefore, requires a 
bandwidth of approximately twice the maximum frequency 
deviation. The maximum frequency deviation is about 15 
ke; therefore, the bandwidth is approximately 215, or 
30 ke. 


Degree of Modulation 


To explain 100-percent modulation in an f-m system, it is 
desirable to first review the same condition for an a-m wave. 
As has been stated, 100-percent modulation exists when the 
amplitude of the carrier varies between zero and twice its 
normal unmodulated value. There is a corresponding in- 
crease in power of 50 percent. The amount of power in- 
crease depends upon the degree of modulation; and because 
the degree of modulation varies, the tubes cannot be operated 
at maximum efficiency continuously. 

In frequency modulation, 100-percent modulation has a 
different meaning. The a-f signal varies only the frequency 
of the oscillator. Therefore, the tubes operate at maximum 
efficiency continuously and the f-m signal has a constant 
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power input at the transmitting antenna regardless of the 
degree of modulation. A modulation of 100 percent simply 
means that the carrier is deviated in frequency by the full 
permissible amount. For example, an 88-mc f-m station 
has 100-percent modulation when its audio signal deviates 
the carrier 75 ke above and 75 ke below the 88-mc value, 
when this value is assumed to be the maximum permissible 
frequency swing. For 50-percent modulation, the frequency 
would be deviated 37.5 ke above and below the resting 
frequency. 


Systems of Frequency Modulation 


A successful f-m transmitter must fulfill two important 
requirements—(1) the frequency deviation must be sym- 
metrical about a fixed frequency, and (2) the deviation must 
be directly proportional to the amplitude of the modulation 
and independent of the modulation frequency. 

There are several systems of frequency modulation that 
fulfill these requirements. A MECHANICAL MODULATOR em- 
ploying a capacitor microphone is the simplest system of 
frequency modulation, but is seldom used. The two most 
important systems of frequency modulation are REACTANCE- 
TUBE and ANGLE, Or PHASE-ANGLE, MODULATION. The main 
difference between these two systems is that in reactance- 
tube modulation the r-f wave is modulated at its source (the 
oscillator), while in phase modulation the r-f wave is modu- 
lated in some stage following the oscillator. The results of 
each of these systems are the same—that is, the f-m wave 
created by either system can be received by the same 
receiver. 

CAPACITOR-MICROPHONE sysTEM.—The simplest form of 
frequency modulation is that of a capacitor microphone, 
which shunts the oscillator-tank circuit, LC, as shown in 
figure 8-11. The capacitor microphone is equivalent to an 
air-dielectric capacitor, one plate of which forms the dia- 
phragm of the microphone. Sound waves striking the dia- 
phragm compress and release it, thus causing the capacitance 
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Figure 8-11.—F-m transmitter modulated by a capacitor microphone. 


to vary in accordance with the spacing between the plates. 
This type of transmitter is not practicable (among other 
reasons, the frequency deviation is very limited), but it is 
useful in explaining the principles of frequency modulation. 
The oscillator frequency depends on the inductance and 
capacitance of the tank circuit, LC, and therefore varies in 
accordance with the changing capacitance of the capacitor 
microphone. 

If the sound waves vibrate the microphone diaphragm at 
a low frequency, the oscillator frequency is changed only a 
few times per second. If the sound frequency is higher, the 
oscillator frequency is changed more times per second. 
When the sound waves have low amplitude, the extent of the 
oscillator frequency change from the no-signal, or resting, 
frequency issmall. A loud a-f signal changes the capacitance 
a greater amount and therefore deviates the oscillator 
frequency to a greater degree. Thus, the deviation frequency 
of the oscillator tank depends upon the amplitude of the 
modulating signal. 

In some military systems, in order to prevent interference 
between adjacent channel f-m transmitters, a bandwidth of 
80 ke plus a guard channel of 20 kc is allowed for each 
transmitter. Thus, the strongest audio signal that can be 
used for modulating an f-m transmitter is limited to the value 
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that causes 2 maximum deviation of 40 kc on each side of the 
average, or resting, carrier frequency. This- allowance 
makes available a total of 80 kc, known as the CARRIER 
SWING, over which the frequency of any one transmitter may 
vary. 

To increase the initial deviation frequency of the oscillator 
(which is greatly restricted in the case of the capacitor- 
microphone modulator) to a suitable value in the output, a 
system of frequency multiplication is used. The circuits 
used to accomplish this frequency multiplication are con- 
tained in the block diagram labeled “frequency multipliers” 
in figure 8-11. One method uses a broadly tuned plate-tank 
circuit in a class-C amplifier. The tank is tuned to the 
second harmonic of the grid-input signal and thus builds up 
a tank current and output signal at double frequency. The 
output of the first doubler is fed into another similar doubler. 
Actually several stages may be used. For example, a 5-mc 
signal fed into a 3-stage amplifier using frequency doubling 
becomes a 40-mce signal at the output. An initial deviation 
of 1 ke produced by an audio-modulation signal becomes a 
frequency deviation of 8 ke'at the output of the third doubler 
stage. Actually, frequency triplers or quadruplers may be 
used in some systems. 

REACTANCE-TUBE SYSTEM.—The reactance-tube system 
of frequency modulation is shown in figure 8-12. The 
reactance tube is an electron tube operated so that its 
reactance varies with the modulation signal and thereby 
varies the frequency of the oscillator stage. The oscillator, 


AvI0 T hex F-M WAVE OF LOW = F-M WAVE OF HIGH 
RADIO FREQUENCY RADIO FREQUENCY 


A-F Pee | vaamect | : 
> IH L OWER 
AMPLIFIER OscnLLAToR 
| ee ousieR AMPLIFIER 


MICROPHONE 
















FREQUENCY > 
STABILIZING 
VOLTAGE 






DISCRIMI~ 
NATOR 


FREQUENCY 
CONVERTER 







CRYSTAL 
OSCILLATOR 


i 











Figure 8-12.—Block diagram of a reactance-tube f-m transmitter. 
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connected between the reactance tube and the frequency 
doubler, is self-excited. 

In this circuit the reactance tube is connected in parallel 
with the oscillator tank and functions like a capacitor whose 
capacitance is varied in accordance with the audio signal, as 
in the capacitor-microphone system of frequency modulation. 
The frequency of the oscillator ‘is thus changed, and the 
resulting f-m signal is passed through a frequency doubler to 
increase the carrier frequency and the deviation frequency. 
A power amplifier feeds the final signal to the antenna. The 
transmitter is kept within its assigned frequency limits by 
comparing the output of the transmitter with that of a 
standard crystal-controlled oscillator, and feeding back a 
suitable correcting voltage from a frequency-converter and 
discriminator (frequency-detector) stage. 

The theory of operation of a reactance-tube circuit may 
be explained with the aid of figure 8-13. The reactance 
tube, V1 (fig. 8-13, A), is effectively in shunt with the oscilla- 
tor tank, LC, and the phase-shift circuit, R,Cl. The 
capacitive reactance of the capacitor is large compared with 
the resistance of the resistor; and the current, i, in this 
circuit leads the voltage, e,, across the circuit by approxi- 
mately 90°. The voltage, ¢,, is the alternating component 
of the plate-to-ground voltage appearing simultaneously 
across the reactance tube, the phase-shift circuit, and the 
oscillator tank. 

The coupling capacitor, C2, has relatively low capacitive 
reactance to the a-c component of current through it, and at 
the same time it blocks the d-c plate voltage from the phase- 
shift circuit and the tank. The reactance tube receives its 
a-c grid-input voltage, e,, across R,. This voltage is the JR 
drop across R, and is in phase with plate current 7, and grid 
voltage e,. This relation is characteristic of amplifier tubes. 

Because e, is in phase with both 7 and 7, and e, leads e, by 
approximately 90°, both 7 and 7, lead e, by approximately 
90°. These relations are shown in the vector diagram in 
figure 8-13, B. Both 7 and 7, are supplied by the oscillator 
tank circuit, and because both are leading currents with 
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Figure 8—13.—Frequency modulation with a reactance-tube modulator. 


respect to the tank voltage, e,, they act like the current in 
tank capacitor C. Therefore, the errect of these currents 
on the frequency of the tank is the same as though additional 
capacitance were connected in parallel with it. 

Consider now the effect of introducing an audio signal 
across R,. With zero audio voltage, r-f plate current 7, is a 
succession of rapid pulses of constant amplitude, and the 
oscillator tank operates at a constant frequency, called the 
NO-SIGNAL, OF RESTING FREQUENCY. When the audio 
voltage rises with a polarity that swings the cathode negative 
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with respect to the grid, the pulses of plate current gradually 
increase in amplitude. This leading r-f plate current is 
drawn through the oscillator tank and is equivalent to an 
increasing value of tank capacitance. Thus, the oscillator 
frequency is lowered. 

Conversely, when the audio signal swings the grid of the 
reactance tube negative with respect to the cathode, the r-f 
plate-current pulses gradually decrease in amplitude and the 
oscillator frequency increases. 

The frequency of the a-f signal determines the number of 
times per second that the oscillator-tank frequency changes. 
On the other hand, the amplitude of the a-f signal determines 
the extent of the oscillatory-frequency change—that is, the 
deviation frequency. Thus, the reactance. tube with its 
audio-signal input produces an f-m output having the same 
characteristics as that of the capacitor-microphone modu- 
lator. 

PHASE MODULATION.—Any process that changes the in- 
stantaneous frequency of the r-f energy already generated at 
a constant frequency is referred to as angle, or phase-angle, 
modulation. All radio modulating processes are based on 
changing the r-f carrier wave in some respect. The variation 
normally is directly proportional to the instantaneous value 
of the modulating voltage. When the instantaneous fre- 
quency of the carrier is varied in a direct relation to the 
modulating wave, the result is frequency modulation. If 
the instantaneous phase of the carrier is varied by an electri- 
cal angle directly proportional to the instantaneous modulat- 
ing voltage, phase modulation is obtained. Varying the 
carrier frequency also changes the instantaneous phase 
relation of the carrier frequency to its own fixed unmodulated 
state. Likewise, varying the carrier phase changes the 
carrier frequency. 

Thus, frequency modulation and phase modulation are 
basically the same. In fact, frequency modulation is equiva- 
lent to phase modulation in which the phase-angle variation 
is inversely proportional to the modulation frequency. 
Similarly, phase modulation is equivalent to frequency 


364 


modulation when it has preemphasis (the signal strength is 
increased as the audio frequency becomes higher) over the 
entire range of modulation frequency. An f-m signal is one 
in which the carrier deviation from the resisting frequency 
is proportional to the amplitude of the modulating signal 
and is independent of the modulating frequency. A pure 
phase-modulated signal is one in which the carrier deviation 
is proportional to both the amplitude and frequency of the 
modulating signal. 

In all cases the carrier variation occurs at a rate of change 
equal to the frequency of the modulating wave. For exam- 
ple, a 1,000-cps tone changes the carrier frequency plus and 
minus 75 kc 1,000 times per second in a broadcast f-m system 
at maximum modulation. 

A phase-modulation system is shown in the block diagram 
in figure 8-14. The transmitter oscillator is maintained at 
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Figure 8-14.—Block diagram of a phase-modulated f-m transmitter. 


a constant frequency by means of a quartz crystal. This 
constant-frequency signal passes through an amplifier that 
increases the amplitude, or energy level, of the wave. The 
audio signal is applied to the r-f carrier by means of a com- 
bining network. The output of the combining network is 
fed into a series of class-C amplifiers, the plate circuits of 
which are tuned to a multiple (doubling is indicated in this 
figure) of the frequency of the grid input. The output of 
these frequency multipliers is fed to a power amplifier that 
couples the f-m signal to the antenna. 

A diagram of the combining network in which the phase 
shift is accomplished is shown in figure 8-15, A. The r-f 
and a-f voltages are applied across the grid-input voltage 
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Figure 8-15.—Phase-modulated network. 


divider, which consists of R2, Rl, and R4. The triode plate 
load is a broadly tuned Z-C tank. The r-f signal of constant 
frequency and amplitude appears across R2 as e,. As the 
instantaneous value of the audio signal varies through each 
audio cycle, the triode bias is increased and decreased at the 
a-f ratio because of the a-f voltage that appears across resis- 
tors R4 and R1. Consequently, the triode gain is varied in 
accordance with the a-f signal. 
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Now consider how this varying gain is translated into 
phase shift. The instantaneous plate-load voltage, e, (fig. 
8-15, B), is the resultant of two r-f voltages in the triode 
plate circuit. These two r-f voltages are (1) that portion of 
the grid-input signal that is coupled to the plate circuit by 
means of the grid-plate capacitance of the triode (this voltage 
is designated e;) and (2) the grid-input signal amplified in the 
triode plate by normal amplifier action (this voltage is 
designated ¢2). 

The resultant of e,; and eé, is indicated in the vector dia- 
gram as e,. In the same diagram, e, is the grid-input r-f 
signal. The triode-amplifier voltage, ¢:, is relatively low 
because of inverse feedback obtained by omitting the usual 
cathode-bypass capacitor across R3. Voltage e, leads e, and 
is of less amplitude than e, because the interelectrode capaci- 
tive reactance acts in series with the plate load and causes a 
leading current to flow through it. The plate load is reso- 
nant at the oscillator frequency and hence acts as a pure 
resistance. Thus ¢; across the load is in phase with the lead- 
ing current through the load and leads e, by some angle less 
than 90° depending on the magnitude of the interelectrode 
capacitive reactance and the plate-load resistance. 

At the time the audio frequency swings the triode bias to 
the Maximuo the triode gain is a MINIMUM, and é; is relatively 
small. For this condition e, leads e, by angle 6. The 
amplified voltage, e;, represents the condition existing when 
the a-f signal swings the triode bias to a minimum, and the 
tube gain is higher than before. Therefore, voltage e, is 
larger and combines with ¢, to produce the resultant plate- 
load voltage, e;, which leads e, by angle 6+A0. The re- 
sultant voltage, e{, undergoes a change in phase angle, AQ, 
with respect to e, in accordance with the change in triode 
bias, gain, and a-f instantaneous values. 

The difference in the angles @ and 6’—that is, A?—is the 
change in the PHASE-SHIFT ANGLE of e,, and is a factor of 
carrier swing. When voltage variations, e,, e,, and so forth, 
are applied to a tuned circuit, a smooth wave having both 
positive and negative alternations is formed as the result of 
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the flywheel effect in the tank circuit. This wave has the 
same varying time internal between positive peaks as the 
applied voltage variations, and therefore its frequency is 
shifted in accordance with the audio-modulation signal 
during the time the phase angle is changing. 

In a phase-modulation system such as the one being dis- 
cussed the carrier shift is proportional to the product of the 
audio frequency and the phase-shift angle. It is therefore 
necessary to introduce an action that will prevent a signal 
that changes in audio frequency, but remains at constant 
amplitude, from influencing carrier swing. Otherwise low- 
frequency audio components would be underemphasized at 
the receiver. Only the ampLitupE of the modulating signal 
and Not its instantaneous frequency should influence the 
extent of the frequency swing of the carrier. This action 
may be accomplished by introducing a preemphasis circuit 
such as the one composed of R1(1 in figure 8-15, A. 

When the audio signal of constant amplitude is decreased 
from a high frequency to a lower frequency, the audio voltage 
across Cl is increased in amplitude. Therefore, the tube- 
bias swing and the change in tube gain cause the normal 
amplifier component of output voltage to be increased from 
e,€, to e,e3. Carrier shift is proportional to the product of 
the audio frequency, fava, and the phase-shift angle, A@, as 
indicated in figure 8-15, B. Then an increase in the phase- 
shift angle from A@ to Aé’ compensates for the decrease in 
audio frequency, fauao- Thus, the product of fauaio and Ad 
remains constant, and the carrier swing is now independent 
of the audio frequency. The output f-m signal from the 
phase-modulated transmitter is therefore similar to that of 
a frequency-modulated transmitter. Thus, an f-m receiver 
performs equally well on either output. 


DEMODULATION OF F-M WAVES 


DeEMODULATION, Or DETECTION, is the process of recovering 
the intelligence from a modulated wave. When a radio 
carrier wave is amplitude-modulated, the intelligence is 
imposed on the carrier in the form of amplitude variations 
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of the carrier. The demodulator of an amplitude-modu- 
lated (a-m) wave produces currents or voltages that vary 
with the amplitude of the wave. Likewise, the frequency- 
modulation (f-m) detector and the phase-modulation (p-m) 
detector change the frequency variations of an f-m wave, 
and the equivalent phase variations of a p-m wave, into 
currents or voltages that vary in amplitude with the fre- 
quency of phase changes of the carrier. 

The instantaneous amplitude, e,, of the carrier may be 
represented as 


eo=E, sin (2xf,t+8), 


where £, is the maximum amplitude of the original carrier, 
J. the frequency of the carrier, and @ the phase angle (for 
a-m signals, 6 may be considered as zero). One or more of 
the independent variables (those on the right-hand side of 
the equation) may be made to vary in accordance with the 
modulating signal to produce a variation in ¢,. However, 
the general practice is to vary only one of the values—E, 
(for a-m), f, (for f-m), or 6 (for p-m)—and to prevent any 
variation in the others. 

The detector in the receiver must therefore be designed 
so that it will be sensitive to the type of modulation used at 
the transmitter, and insensitive to any other. 

Most Navy equipment is designed for amplitude modula- 
tion. A clear understanding of the mechanism of a-m 
detection is therefore very important. 

A-m modulators and demodulators are nonlinear devices. 
A NONLINEAR DEVICE is one whose current-voltage relation 
is not a straight line. Because the ratio of current to voltage 
is not constant, the device has a nonlinear impedance. When 
an a-m wave is impressed on a nonlinear impedance—for 
example, one of the electron-tube detectors to be considered 
later—the average output current is the difference between 
each successive positive and negative swing of the output 
signal current, as shown in figure 8-16. The average output 
(signal component) follows the envelope of the incoming 
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Figure 8-16.—Results of impressing an a-m wave on a nonlinear device. 


modulated wave mure or less closely, depending on the shape 
of the nonlinear curve. Because the envelope of the in- 
coming a-m wave contains the desired audio frequency, a 
nonlinear device demodulates the a-m wave. 

For an understanding of the differences in the output 
frequencies of the various detectors it is necessary to examine 
the frequencies involved in both modulation and demodula- 
tion. 
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Comparison of Amplitude Modulation and Demodulation 


If at the transmitter an r-f carrier and a single-frequency 
audio-modulating signal of sine waveform are impressed on a 
LINEAR device, the output waveform from the linear device 
will contain the same r-f and a-f signal frequencies. The 
tuned r-f amplifiers in the transmitter will amplify the r-f 
carrier, but will eliminate for all practical purposes the a-f 
component. Under these circumstances only the carrier will 
be radiated, and it will be ineffective in “carrying” the in- 
telligence component. 

A very different result is cbtained if an r-f carrier and a 
single-frequency audio-modulating signal of sine waveform 
are impressed on & NONLINEAR device. In this instance 
distortion is introduced and, as a result, additional fre- 
quencies are produced. In addition to the original fre- 
quencies, sum-and-difference frequencies are generated, and 
a zero-frequency, or d-c, component, is added. The tuned 
circuits at the transmitter now respond to the carrier and the 
upper and lower side bands; but, as before, the a-f modu- 
lating signal is discriminated against. However, this a-f 
component is replaced, or generated, by the demodulator in 
the receiver. 

In the receiver the carrier and the two side bands are 
impressed on a second nonlinear device called the ppmopvu- 
uaTor. If the demodulator has an 1EAv nonlinear curve it 
will distort the incoming waveform (the positive halves of the 
cycle will be different from the negative halves). Therefore, 
in addition to the r-f carrier and the two side bands, the 
SIGNAL FREQUENCY (which is the difference between the 
upper side band and the carrier or the difference between the 
carrier and the lower side band) and a zero-frequency (or d-c 
component) will be produced. As shown in chapter 12, the 
d-c component may be used for automatic volume control. 

If the demodulator used in the receiver does not have an 
ideal nonlinear curve, but has a pRAcTIcAL realizable curve 
such as the square-law curve, additional frequencies will be 
produced. These frequencies will be harmonics of all fre- 


371 


quencies present in the input. They are produced because 
input voltages having larger amplitudes are distorted 
differently from input voltages having smaller amplitudes. 
The r-f harmonics may be filtered in the output of the 
demodulator, but the a-f harmonics are not easily eliminated. 

Thus, modulation and demodulation are essentially the 
same in that the waveform is distorted in each case and new 
frequencies are produced. 


Types of A-M Detectors 


Detectors are classified according to the shape of their 
current-voltage (characteristic) curve. If the curve is 
smooth, as in figure 8-16, the detector is called 8 sQUARE- 
LAW DETECTOR. It is called a square-law detector because, 
for a first approximation, the output voltage is proportional 
to the square of the effective input voltage. 

If the current-voltage curve of the detector is shaped like 
an obtuse angle, as in figure 8-17, A, the curve is still non- 
linear because of the abrupt change in shape at the knee. 
Because the detector action takes place on the linear portions 
of the curve on both sides of the knee, this type of detector is 
called a LINEAR DETECTOR. It is called a linear detector 
merely to distinguish it from a square-law detector. Both 
the square-law detector and the linear detector are actually 
NONLINEAR devices, 

The rectified output voltage of a linear detector is propor- 
tional to the input voltage. The output of a square-law 
detector is proportional to the square of the input voltage. 

Detectors are also described as power detectors or as 
weak-signal detectors. If a detector is to handle r-f carrier 
voltages having amplitudes greater than approximately 1 
volt it is called a power verector. If the input signal 
strength is less than this amount the detector is called a 
WEAK-SIGNAL DETECTOR. Thus, the approximate value of 1 
volt is the dividing line between the two detectors. Because 
a linear detector cannot be obtained with a sharp discon- 
tinuity at the knee, weak signals are always detected on a 
curved portion of the characteristic, as shown in figure 8-17, 
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Figure 8-17.—Linear detectors. 


B. Thus, weak-signal detectors are always of the square-law 
type. Power detectors may be either linear or square-law, 
depending on the application. 

DiopE pEetrector.—The diode detector (fig. 8-18, A) is 
one of the simplest and most widely used detectors, and has 
nearly an ideal resistance characteristic. Diodes have a 
point of sharp discontinuity between the conducting (for- 
ward) and nonconducting (reverse) directions and therefore 
make good detectors. 

The slight bend in the lower portion of the i,-e, char- 
acteristic curve results from contact potential. Conracr 
POTENTIAL is the potential difference existing between the 
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Figure 8-18.—Diode detector and waveforms. 


surfaces of metals of different electron affinities that are in 
direct contact or are connected by means of an external 
circuit. This is true of the metal elements of electron tubes; 
and the voltages developed may be of the order of 1 volt or 
more. In the case of the diode, contact potential keeps the 
plate current from decreasing to zero when the plate voltage 
approaches zero. The current, however, is very slight, and 
the characteristic curve is generally shown as zero when the 
applied voltage is zero. Nevertheless, on low signal voltage, 
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plate current does not increase as rapidly as it does after the 
contact potential has been exceeded. 

Because the diode characteristic is nearly straight on both 
sides of the knee, the diode detector is a linear detector. 
However, with weak signals, the output of the detector 
follows the square law because weak signals force the opera- 
tion to take place on the lower, curved portion of the char- 
acteristic curve (fig. 8-18, B). Because the diode detector 
normally handles large input signals with minimum distor- 
tion, it is classified as a power detector. 

The modulated signal voltage (fig. 8-18, C) is developed 
across the tuned circuit, L2C1, of the detector stage. Signal 
current flows through the diode only when the plate is posi- 
tive with respect to the cathode—that is, only on the positive 
half cycles of the r-f voltage wave. 

The rectified signal flowing through the diode (fig. 8-18, D) 
actually consists of a series of r-f pulses and not a smooth 
outline or envelope. The average of these pulses, with little 
or no filtering, does increase and decrease at the a-f rate, as 
shown by the dotted line. Therefore, there is an audio volt- 
age output even if no filtering is employed. However, some 
stray capacitance exists, and consequently some r-f filtering 
takes place. 

If a capacitor (C2 in fig. 8-18, A) of the proper size is used 
as a filter, the output voltage of the detector is increased and 
more nearly follows the envelope. On the first quarter 
cycle of applied r-f voltage, C2 charges up to nearly the peak 
value of the r-f voltage (point A in fig. 8-18, E). The small 
voltage drop in the tube prevents C2 from charging up 
completely. Then as the applied r-f voltage falls below its 
peak value, some of the charge on C2 leaks through R, and 
the voltage across R drops only a slight amount, to point B. 
When the r-f voltage applied to the plate on the next cycle 
exceeds the potential at which the capacitor holds the 
cathode (point B), diode current again flows and the capacitor 
charges up to almost the peak value of the second positive 
half cycle at point C. 

Thus the voltage across the capacitor follows very nearly 
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the peak value of the applied r-f voltage and reproduces the 
a-f modulation. The detector output, after rectification and 
filtering, is a d-c voltage that varies at an audio rate, as 
shown by the solid line in figure 8-18, E. The curve of the 
output voltage across the capacitor is shown somewhat 
jagged. Actually, the r-f component of this voltage is 
negligible and, after amplification, the speech or music 
originating at the transmitter is faithfully reproduced. 

The correct choice of R and C2 (fig. 8-18, A) in the diode- 
detector circuit is very important if maximum sensitivity 
and fidelity are to be obtained. The load resistor, R, and 
the plate resistance of the diode act as a voltage divider to 
the received signal. Therefore, the load resistance should 
be high compared with the plate resistance of the diode so 
that maximum output voltage will be obtained. The value 
of C2 should be such that the RC time constant is long com- 
pared with the time of one r-f cycle. This is necessary be- 
cause the capacitor must maintain the voltage across the 
load resistor during the time when there is no plate current. 
Also, the RC time constant must be short compared with 
with the time of one a-f cycle in order that the capacitor 
voltage can follow the modulation envelope. 

The values of R and C2 therefore place a limit on the 
highest modulation (audio) frequency that can be detected. 
Figure 8-18, F, shows the type of distortion that occurs when 
the RC time constant is too large. At the higher modulation 
frequencies the capacitor does not discharge as rapidly as 
required, and negative peak clipping of the audio signal 
results. 

The efficiency of rectification in a diode is the.ratio of the 
peak voltage appearing across the load to the peak input 
signal voltage. ‘The efficiency increases with the size of R 
compared with the diode plate resistance, because R and the 
diode are in series across the input circuit and their voltages 
divide in proportion to their resistance. With audio fre- 
quencies, a large value of R may be used (of the order of 
100,000 ohms), and consequently the efficiency is relatively 
high (95%). When high modulation frequencies, such as 
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those used in television, are necessary the value of R must 
be reduced to keep the RC time constant low enough to 
follow the envelope. Consequently the efficiency is reduced. 

The diode detector can handle large signals without over- 
loading, and it can provide automatic-volume-control voltage 
without extra tubes or special circuits. However, it has the 
disadvantage of drawing power from the input tuned circuit 
because the diode and its load form a low-impedance shunt 
across the circuit. 

Consequently, the circuit Q, the sensitivity, and the 
selectivity are reduced. The interelectrode capacitance of 
the diode detector limits its usefulness at high carrier fre- 
quencies, and the bend in the lower portion of the current- 
voltage characteristic indicates that it distorts on weak 
signals. Therefore considerable amplification is needed 
before detection. 

Griv-Leak DETECTOR.—The grid-leak detector functions 
like a diode detector combined with a triode amplifier. It 
is convenient to consider detection and amplification as 
two separate functions. In figure 8-19, A, the grid func- 
tions as the diode plate. The values of C; and R, must be 
so chosen that C, charges during the positive peaks of the 
incoming signal and discharges during the negative peaks. 
The time constant of R4C, should be long with respect to 
the r-f cycle and short with respect to the a-f cycle. 

An approximate analysis of the waveforms existing in the 
diode (grid) circuit is shown in figure 8-19, B. Part ® 
shows the input waveform which is also the waveform in 
the input tuned circuit. Because r-f current 7, flows in 
only one direction in the grid circuit, part @ shows a rec- 
tified current waveform in this circuit. Part @ shows the 
waveform developed across Cz. This audio waveform is 
produced in the same way as the audio waveform in the 
diode detector. However, the waveform shown in part @ 
is not the output voltage. In the grid-leak detector the 
waveform produced across C,; is combined in series with 
the r-f waveform in the tuned circuit to produce the grid- 
to-cathode waveform shown in part @,. 
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An approximate analysis of the waveforms existing in the 
triode plate circuit is shown in figure 8-19, C. Part © is 
the plate-current waveform, and part © is the plate-voltage 
waveform. 

Capacitor C discharges on the positive half cycles of grid 
input voltage (points 1, 3, 5, 7, 9, 11, 13, and so forth). 
The discharge path is clockwise through the circuit including 
the tube and capacitor. The time constant of the discharge 
path is the product of the effective tube resistance and the 
capacitance of capacitor C, and this time constant is short 
because the effective tube resistance is low. The increase 
in plate current is supplied by the capacitor rather than the 
B supply, thus preventing any further increase in current 
through the r-f choke and plate load resistor R,. There- 
fore, any further change in plate and capacitor voltage is 
limited. 

Capacitor C charges up as plate voltage rises on the nega- 
tive half cycles of r-f grid input voltage (fig. 8-19, C, points 
2, 4, 6, 8, 10, 12, 14, and so forth). The charging path is 
clockwise through the circuit containing the capacitor, r-f 
choke, load resistor R,, and the B supply. The rise in 
plate voltage is limited by the capacitor charging current 
which flows through the r-f choke and through R,. The 
plate current decrease is approximately equal to the capaci- 
tor charging current; thus the total current through the r-f 
choke and R, remains nearly constant, and the plate and 
capacitor voltage rise is checked. 

Positive grid swings cause sufficient grid current flow to 
produce grid-leak bias. Low plate voltage limits the plate 
current on no signal in the absence of grid bias. Thus, the 
amplitude of the input signal is limited, since with low plate 
voltage the cutoff bias is low, and that portion of the input 
signal that drives the grid voltage below cutoff is lost. The 
waveform of the voltage across capacitor C is shown by the 
solid line in part of figure 8-19, C. Part @ shows the 
output-voltage waveform. This waveform is the difference 

between the voltage across capacitor C and the d-c voltage 
across coupling capacitor C.. 
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Because the operation of the grid-leak detector depends 
on a certain amount of grid-current flow, a loading effect is 
produced which lowers the selectivity of the input circuit. 
However, the sensitivity of the grid-leak detector is moder- 
ately high on low-amplitude signals. 

Puate DETECTOR.—In a& GRID-LEAK DETECTOR the incom- 
ing r-f signal is detected in the grid circuit and the resultant 
a-f signal is amplified in the plate circuit. In a PLATE 
DETECTOR, the r-f signal is first amplified in the plate circuit, 
and then it is detected in the same circuit. 

A plate detector circuit is shown in figure 8-20, A. The 
cathode bias resistor, 21, is chosen so that the grid bias is 
approximately at cutoff during the time that an input signal 
of proper strength is applied. Plate current then flows only 
on the positive swings of grid voltage, during which time 
average plate current increases. The peak value of the a-c 
input signal is limited to slightly less than the cutoff bias to 
prevent driving the grid voltage positive on the positive 
half cycles of the input signal. Thus, no grid current flows 
at any time in the input cycle, and the detector does not 
load the input tuned circuit, LC1. 

Cathode bypass capacitor C2 is large enough to hold the 
voltage across R1 steady at the lowest audio frequency to be 
detected in the plate circuit. C3 is the demodulation capaci- 
tor across which the a-f component is developed. 2 is the 
plate load resistor. The r-f choke blocks the r-f component 
from the output. R2C3 has a long time constant with re- 
spect to the time for one r-f cycle so that C3 resists any volt- 
age change which occurs at the r-f rate. R2C3 has a short 
time constant with respect to the time for one a-f cycle so 
that the capacitor is capable of charging and discharging at 
the audio rate. 

The action of the plate detector may be demonstrated by 
the use of the 7,-e, curve in figure 8-20, B. On the positive 
half cycle of r-f input signal (point 1) the plate voltage 
falls below the B supply because of the increased drop across 
R2 and the r-f choke. Capacitor C3 discharges. The dis- 
charge current flows clockwise through the circuit including 
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Figure 8-20.—Plate detector and waveforms. 
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the tube and C3. Plate current is supplied by C3 rather 
than the B supply. The drop across R2 and the r-f choke is 
limited, and the decrease in plate voltage is slight. 

On the negative half cycle of r-f input signal (point 2) 
plate current is cut off and plate voltage rises. Capacitor 
C3 charges. The charging current flows clockwise around the 
circuit including the r-f choke, R2, and the B supply. The 
drop across R2 and the r-f choke contributed by the charging 
current of C3 checks the rise in plate voltage. 

Thus, C3 resists voltage change at the r-f rate. Because 
C3R2 has a short time constant with respect to the lowest a-f 
signal, the voltage across C3 varies at the a-f rate. 

The plate detector has excellent selectivity. Its sensi- 
tivity (ratio of a-f output to r-f input) is also greater than 
that of the diode detector. However, it is inferior to the 
diode detector in that it is unable to handle strong signals 
without overloading. Another disadvantage is that the 
operating bias will vary with the strength of the incoming 
signal and thus cause distortion unless a means is provided to 
maintain the signal input at a constant level. Thus, a-v-c or 
manual r-f gain control circuits usually precede the detector. 

REGENERATIVE DETECTOR.—When high sensitivity and 
selectivity are the most important factors to be considered, a 
regenerative detector may be used. However, the linearity 
as well as the ability to handle strong signals without over- 
loading is very poor. 

The process of feeding some of the output voltage of an 
electron-tube circuit back into the input circuit so that it 
adds to or reinforces (is in phase with) the input voltage is 
known as REGENARATION OF POSITIVE FEEDBACK. ‘The use of 
regeneration in 4 circuit greatly increases the amplification of 
the circuit because the output voltage fed back to the input 
circuit adds to the original input voltage, thus increasing the 
total voltage to be amplified by the tube. 

A grid-leak detector may be modified to operate as a 
regenerative detector, as indicated in figure 8-21. Because 
an amplified r-f component is present in the plate circuit of 
the grid-leak detector, regeneration can be obtained by con- 
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Figure 8-21.—Regenerative detector. 


necting a coil, Z2, known as a TICKLER COIL, in series with 
the plate circuit so that it is inductively coupled to the grid 
coil, L3. 

With an r-f signal across Z3 an r-f component of plate 
current flows through Z2. 2 is connected so that the volt- 
age it induces in L3 is in phase with the incoming signal volt- 
age applied to the grid. Thus, the voltage gain of the stage is 
increased. 

It is important that the voltage fed back by the tickler 
coil be in phase with the incoming signal voltage. Otherwise 
the feedback will be degenerative and the amplification will 
be reduced. Furthermore, if the coupling between L2 and L3 
is too great, oscillation will take place. For receiving code 
signals, oscillation is desirable in order to produce an audible 
beat tone. However, it is not desirable for voice or music 
reception because of the objectionable squeal from the beat 
tone. The regenerative detector is the most sensitive triode 
detector circuit possible when it is operated just below the 
point of oscillation. 

A comparison cf the sensitivity (ratio of a-f output to 
r-f input), linearity (accuracy of reproduction of the waveform 
of the modulation component), selectivity (ability to separate 
signals), and relative ability of the various detectors to 
handle large signals without overloading is given in table 2. 
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TABLE 2.—Comparison of a-m detectors 














Ability to 
Detector type Sensitivity Linearity | Selectivity rane me 
overloading 
Diode__--------- High. 
Grid-leak __ Limited. 
Plate. - ----- Medium. 
Regenerative____| Very high-_ Poor. 





HETERODYNE DETECTOR.—The process of combining two 
frequencies to obtain the difference frequency is called 
HETERODYNING. The heterodyne principle has a number of 
important Navy applications. It is used in heterodyne code 
reception to change continuous-wave (c-w) telegraph signals 
to an audio frequency. It is widely used in superheterodyne 
receivers to change the carrier frequency to the fixed inter- 
mediate frequency. Heterodyne action is also employed to 
separate frequencies that differ from one another by small 
amounts. 

If two a-c signals of different frequencies are combined, or 
mixed, in a suitable circuit, a third signal, called a BEAT 
FREQUENCY, will be produced. The frequency of the beat is 
equal to the difference between the frequencies that are 
mixed to produce it. 

Thus, if two a-f voltages having frequencies of 500 and 
600 cps are properly mixed, a beat frequency of 100 cps will 
be produced by a suitable reproducer. 

If two r-f signals differing in frequency by an audible 
frequency are mixed, an a-f voltage will be produced. Thus, 
if two r-f voltages having frequencies of 500 and 501 ke are 
properly mixed, a beat frequency of 1 ke will be produced. 

An important application of this principle is in the detec- 
tion of c-w signals. In c-w transmission the unmodulated 
carrier is keyed, or interrupted, according to the code that is 
being transmitted. Because no modulation component is 
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present in the transmitted energy, the detectors previously 
considered are not effective in detecting the signal. At best, 
there may be some noise or sound variation in the reproducer 
at the beginning and end of each interruption, but reception 
will be unsatisfactory. In order to receive c-w signals from 
a radiotelegraph transmitter it is therefore necessary to mix 
with the incoming signal another locally generated signal 
that differs in frequency from the incoming signal by some 
frequency in the audible range. 

One method of producing an audible beat tone is by the 
use of an oscillating regenerative-detector circuit. If the 
regeneration, or positive feedback, in a regenerative detector 
is increased beyond a certain critical point, the circuit will 
oscillate at a frequency approximately equal to the frequency 
of the tuned circuit. Thus, if the regenerative detector is 
made an oscillating detector, and is tuned so that the fre- 
quency it generates differs from the incoming r-f signal 
frequency by an audible amount, it is possible to detect 
unmodulated r-f signals. This process is known as heterodyn- 
ing, and an oscillating detector is called a HETERODYNE 
petector. A brief analysis of the heterodyne principle is 
included under superheterodyne receivers in chapter 12. 

Many communication receivers are equipped to receive 
both a-m signals and c-w signals. These receivers are 
commonly designed with a local oscillator, called the BEAT- 
FREQUENCY OSCILLATOR (BFO), coupled to the plate circuit 
of the diode detector. The beat-frequency oscillator is then 
tuned to a frequency that differs from the intermediate- 
frequency by the desired audio frequency. In t-r-f receivers, 
the local oscillator must differ from the incoming signal by 
the desired audio frequency. 

The first detector, or frequency converter, of superhetero- 
dyne receivers is a heterodyne detector. In this instance 
there is a modulation component, but it is desirable to reduce 
the carrier frequency to a new, lower frequency, called the 
INTERMEDIATE FREQUENCY. Therefore, the incoming signal 
is mixed with a locally generated signal to produce a fre- 
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quency that is the difference between the two signals. The 


modulation envelope is not appreciably affected by the 
heterodyne action. 


DEMODULATION OF F-M WAVES 


In f-m transmission the intelligence to be transmitted 
causes a variation in the instantaneous frequency of the 
carrier either above or below the center, or resting, frequency. 
The detecting device must therefore be so constructed that 
its output will vary linearly according to the instantaneous 
frequency of the incoming signal. Also, the detecting device 
must be insensitive to amplitude variation produced by inter- 
ference or by receiver nonlinearities; thus a special limiting 
device, called a LimrTeR, must precede the f-m detector. 


Types of F-M Detectors 


A number of f-m detectors might be used. Each has cer- 
tain inherent advantages and disadvantages. Two of the 
most common are the DISCRIMINATOR and the RATIO DE- 
tector. There are also various types of LOCKED-OSCILLATOR 
f-m detectors. The simplest type of detector is the sLoPE 
peTector. Although it is rarely used, this type of f-m 
detector will be considered first, because of its simplicity. 

SLoPE DETECTOR.—Even an a-m receiver may give a dis- 
torted reproduction of an f-m signal under certain conditions 
of operation, When the carrier frequency of the f-m signal 
falls on the sloping side of the r-f response curve in an a-m 
receiver, the frequency variations of the carrier signal are 
converted into equivalent amplitude variations. This con- 
version results from the unequal response above and below 
the carrier center frequency (point B), as shown in figure 
8-22. 

Thus, when the incoming f~m signal is less than the center 
frequency—for example, at point A, which is the minimum 
value—the output voltage is at a minimum in the negative 
direction. When the incoming signal swings to point C (the 
maximum value), the output voltage is maximum in the posi- 
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Figure 8-22.—Slope detection. 


tive direction. The resultant a-m signal may be coupled to 
the regular a-m detector where the original audio voltage is 
recovered. 

The obvious disadvantage of this type of detection is the 
nonlinearity of the response curve. At best, the most 
linear portion of the curve has a limited frequency range. 
Consequently the undistorted output voltage is low. 

If in figure 8-22 the center frequency falls at point D and 
the maximum frequency swings are between points C and E, 
there is no effective output signal voltage because the curve 
is relatively flat. 

Discriminator.—One form of discriminator is shown in 
figure 8-23. It must be preceded by one or more limiter 
stages (discussed in chapter 12) because this type of f-m 
detector is sensitive to both amplitude changes and frequency 
changes. Basically, what is wanted is an output voltage, 
0, that varies in amplitude according to the instantaneous 
frequency of the incoming signal. Amplitude variations 
therefore must be removed ahead of the discriminator to 
keep their instantaneous values from adding to those values 
produced by the instantaneous frequency changes. 


388 


The input voltage, ¢,, is applied across the input tuned 
circuit. The current, 7,, lags e, by 90°. The mutually in- 
duced voltage, ¢2, lags i; by 90°. Thus, e is 180° out of 
phase with e¢,, as shown in part © of figure 8-23, B. 

Inductor L4 is shunted across the input tuned circuit via 
C2 and C5, which have negligible reactance at the resonant 
frequency. Thus ¢, is also applied across L4. 

Assume first that the incoming signal is at the resting 
frequency. The induced current, iz, is in phase with e2, as 
shown in parts @ and © of figure 8-23, B. The voltages e; 
and e, are the iX, drops across L2 and L3 respectively. 
From figure 8-23, A, and part @ of 8-23, B, it may be seen 
that ¢, the voltage applied to V1, is the vectorial sum of e, 
and e,; and e;, the voltage applied to V2, is the vectorial sum 
of e, and e. The rectified output voltage of V1 is e, and 
that of V2 is e&. The output voltage, ey, is the algebraic 
sum of ¢, and é. In part @ of figure 8-23, B, es and e; are 
equal because the incoming signal is at the resting frequency. 
Therefore es is equal to ¢; and since they are in opposite 
directions, the output voltage is zero. 

Below the resting frequency i, leads e, because Xe is 
greater than X,. Voltages e; and ¢, are still in phase oppo- 
sition, but each is 90° out of phase with 7, as shown in figure 
8-22, C. Therefore, e; is greater than ¢, and ¢, is greater 
than ¢s. Point A becomes negative with respect to ground, 
thus producing an output signal voltage. 

Above the resting frequency, i, lags e, because X, is 
greater than X~. Voltages e; and e, bear the same phase re- 
lation with each other and with i, as they did for each of the 
above conditions. However, from figure 8-23, D, e, is now 
greater than e;. Therefore, eg is greater than ¢,, and point 
A becomes positive with respect to ground, thus producing 
the other half of the audio signal-voltage waveform. 

Ratio petecror.—One form of the ratio detector is shown 
in figure 8-24, A. It differs from the discriminator in figure 
8-23, A, in that the diodes are connected in series across 
the transformer secondary; whereas each diode plate in the 
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discriminator is connected to opposite ends of the transform- 
er. There are differences also in the method of obtaining 
the output voltage and in the amount of limiting preceding 
the detector. However, the vector analysis is essentially 
the same in both circuits. 

The induced voltage, é2, is 180° out of phase with ¢, as 
indicated by the vector diagrams in figure 8-24. At reso- 
nance (fig. 8-24, B), i, is in phase with 2, as in all tuned cir- 
cuits. Voltages es and e,, developed by the i,Xzz and 4X15 
voltage drops respectively, are 180° out of phase with each 
other and 90° out of phase with i,. This out-of-phase relation 
holds true at resonance as well as below or above resonance. 

From figure 8-24, B, es, the a-c voltage applied across V1, 
is the vector sum of e, (coupled through C3 between the 
center tap and ground) and es. Also, é, the voltage applied 
across V2, is the vector sum of e, and e. At resonance, 
és and ¢é, are equal, and there is only one path for the current 
to take—that is, from D through V2, L3, L2, V1, C, A, and 
back to D. The voltage across R1 is equal to the voltage 
across C6, and the voltage across R2 is equal to the voltage 
across C7. Therefore, no output voltage (e;) is developed 
because no current flows through R3. 

Capacitor C8, having a large capacity, charges to the po- 
tential existing between points Cand D. Thus, ey is always 
equal to es plus é,, if the small voltage drop in V2 is neglected. 
Because the matched capacitors, C6 and C7, are connected 
across C8, ¢, is equally divided between them If there is a 
sudden undesirable increase in amplitude (frequency re- 
maining constant), the potential between C and D will in- 
crease. However, the bridge circuit will still be balanced, 
and no appreciable current will flow through R3. Therefore, 
the output will not be affected. 

Below resonance (fig. 8-24, C), i, leads e; because X¢ is 
greater than X,. Therefore, es, the vector sum of e, and e&, 
is greater than es, the vector sum of e, and e;. The current 
will now flow in two different circuits. It will flow from C 
through A, D, V2, L3, L2, V1, and back to C. It will also 
flow from C through A, B, IA, L2, V1, and back to C. The 
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magnitude of the output voltage, e;, developed by the flow 
of current through R3, depends on the ratio between e, and 
és. When ¢, is larger more current will flow from A to B, 
and B will be more positive with respect to ground. 

If the signal amplitude is suddenly increased, e; will be 
increased by a certain amount and ¢ will be increased by 
the same amount. Also, ¢, and ¢, will be increased in the 
same proportion. The bridge will therefore remain essential- 
ly in the same state of unbalance as it was before the sudden 
increase in amplitude was impressed between C and D. 
Therefore, an increase in amplitude of the input signal will 
not affect the amplitude of the output signal as much as a 
change in frequency of the input signal. 

Above resonance (fig. 8-24, D), i, lags e, because X;, is 
greater than X¢. Therefore, es is greater than e,. The cur- 
rent will divide between two different circuits. It will flow 
from the center tap on the secondary through L2, V1, C, 
A, D, V2, and back to the center tap. It will also flow from 
the center tap on the secondary through J4, B, A, D, V2, 
and back to the center tap. The magnitude of the output 
voltage, e;, developed by the flow of current through 23 from 
B to A depends on the ratio between e; and é. When eé; is 
larger more current will flow from B to A, and B will be more 
negative with respect to ground. 

A sudden undesirable increase in amplitude will increase 
the potential between C and D. Both e, and ¢é will be in- 
creased proportionately, and eg, and ég will be increased in 
the same proportion. The bridge will therefore remain in 
essentially the same state of unbalance as before the sudden 
increase in voltage, and the output signal will not be affected 
as much as it would by a change in frequency. 

Although the ratio detector requires fewer i-f amplifier 
stages and minimum limiting, it presents alignment diffi- 
culties, and the signal may be distorted at high input voltages 
if some form of limiting is not applied. 
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10. 


ll. 


12. 
13. 
14. 


15. 


16. 


17. 


18. 


19. 


20. 


QUIZ 


. In what frequency components of the a-m wave is the intelligence 


contained? 


What percentage of modulation corresponds to the condition of 
maximum permissible power in the side bands? 


. Why is the band of frequencies that may be transmitted on a-m 


restricted? 


. In the circuit shown in figure 8-7, how is the modulation signal fed 


to the V1 tank? 


. If the plate supply voltage is 1,000 volts in figure 8-7, what is 


the approximate peak voltage developed across the tank capacitor 
when the modulation is 100 percent? 


. For 100-percent modulation, what relation exists between the a-f 


and r-f input power? 


. In figure 8-7 what is the approximate maximum value of the plate 


voltage when the modulation is 100 percent? 


When 100-percent modulation occurs, what is the percentage 
increase in antenna current over the unmodulated value? 


. What is the result of having the negative peak audio-modulation 


voltage exceed the B-supply voltage in figure 8-7? 

What is the relative magnitude of the peak power output of the 
transmitter r-f amplifier during 100-percent modulation compared 
with that of the unmodulated peak power output? 

What class of r-f amplifier is usually used with high-level plate 
modulation for maximum efficiency and ease of adjustment? 
What are the advantages of grid modulation? 

What are the disadvantages of grid modulation? 

Why may a tone-modulated carrier be modulated approximately 
100 percent? 

Why are m-c-w signals less apt to be lost as a result of transmitter 
frequency drift than are c-w signals? 

In f-m, upon what does the deviation frequency of the carrier 
depend? 

How does modulation affect the energy distribution of the f-m 
wave? 

Express the approximate bandwidth of an f-m signal in terms of the 
modulation frequency and the carrier frequency deviation. 

Why may f-m transmitter tubes be operated at maximum efficiency 
at all times? 

Why is frequency multiplication used in f-m systems? 
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21. 
22. 
23. 
24. 


25. 
26. 
27. 


28. 
29. 


32. 


33. 
34, 


35. 
36. 
37. 
38. 


39. 


Essentially, how does the reactance tube connected in parallel with 
the oscillator tank, function? 


What is the purpose of the preemphasis circuit in a phase-modu- 
lated transmitter? 


Define 4 nonlinear device. 


What additional frequencies are introduced at a transmitter when 
the r-f carrier and the modulation frequency are impressed on a 
nonlinear device? 5 

In what two ways are modulation and demodulation similiar? 
Why is a square-law detector so called? 

What is the approximate dividing line (in magnitude of voltage 
imput) between a weak-signal detector and a power detector? 
Weak-signal detectors are always of what type? 


In a diode detector, what keeps the plate current from decreasing 
to zero when the plate voltage approaches zero? 


|. Why is a diode detector classified as a power detector? 
31. 


Why must the capacitor across diode load resistor R in figure 8-18 
be large enough so that the RC time constant is long compared 
with the time of one r-f cycle? 


In figure 8-18, what places a limit on the highest modulation 
(audio) frequency that can be detected? 

Name four disadvantages of the diode detector? 

The grid-leak detector functions like what two electron-tube 
circuits? 

Why does a grid-leak detector-load the stage feeding it? 

Why does the plate detector not load the preceding stage? 

What is a disadvantage of slope detection of f-m signals? 

Why must the discriminator be preceded by one or more limiter 
stages? 

In the ratio detector of figure 8-24, upon what ratio of voltages 
does the magnitude of the output voltage across R3 depend? 
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CHAPTER 


TRANSMITTERS 
INTRODUCTION 


A transmitter is a device for converting intelligence, such: 
as voice or code, into electrical impulses for transmission 
either on closed lines, or through space from a radiating an- 
tenna. Transmitters take many forms, have varying degrees 
of complexity, develop various levels of power, and employ 
numerous methods of sending the desired information or 
energy component from one point to another. 

A telephone handset has both a transmitter and a receiver 
section. The transmitter section converts the human voice 
into electrical impulses that may be amplified and conveyed 
along the closed telephone line to the receiving station. 

Radar transmitters develop bursts of energy of the required 
frequency and duration and radiate this energy in the direc- 
tion in which the antenna is pointing. The echo may be 
utilized to give such information as range and bearing. The 
tremendous energy radiated by some radar sets is made possi- 
ble because of the relatively long resting time between pulses 
of energy. Radar will be treated briefly in chapter 14. 

Loran transmitters are especially constructed for use in 
navigation. The principle of loran is based on the difference 
in time required for pulsed radio signals to arrive at a point 
from a pair of synchronized transmitters. These transmit- 
ters operate on low frequencies, are accurately synchronized, 
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and develop considerable power because they are transmit- 
ting only a small fraction of the time. Loran transmitters, 
as well as sonar and other transmitters, are treated in the 
rating texts. 

In this chapter the discussion is confined to radio trans- 
mitters; however, many of the principles involved in this 
discussion apply in general to other basic electronic trans- 
mitters. 

The function of a radio transmitter is to supply power to 
an antenna at a definite radio frequency and to convey in- 
telligence by means of the radiated signal. Radio transmit- 
ters radiate waves of two general types. 

One type of radiation is the conTINUOUS WAVE (c-w), or 
UNMODULATED WAVE, which has a waveform like that of the 
r-f current in the tuned tank circuit of a power output stage. 
In this type of wave the peaks of all the waves are equal, and 
they are evenly spaced along the time axis. The waveform 
is sinusoidal. 

The other type of radio wave is the MODULATED WAVE. 
The amplitude may be modulated by means of a signal of 
constant frequency, a8 in MODULATED-CONTINUOUS-WAVE 
(m-c-w) telegraphy. Likewise, the amplitude may be modu- 
lated by means of speech, music, and so forth; and in this 
case it is called AMPLITUDE MODULATION (a-m). If the fre- 
quency of the wave is varied with time it is called FREQUENCY 
MODULATION (f-m). Although there are other types of 
modulation—for example, pulse-time modulation—only c-w, 
a-m, and f-m will be treated in this chapter. 

A given transmitter operated on c-w has a greater range 
than the same transmitter (for the same power output) 
operated on m-c-w or voice modulation. This condition 
results from the fact that all the intelligence is contained in 
the side bands (treated in chapter 8), and the fewer the num- 
ber of side-band frequencies the greater will be the signal 
strength in the remaining side-band frequencies. In c-w 
operation the side bands do not extend very far on each side 
of the carrier, and all of the energy is therefore contained in 
a narrow band and not wasted in nonessential bands. 
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On m-c-w the side bands are necessarily wider, and more 
energy is needed to supply the side bands; that is, each side 
band contains proportionately less energy. In order to get 
the same signal level (at the required bandwidth) to a re- 
ceiver, the transmitter must increase its output power over 
what it would be if c-w were used. 

When voice modulation is used, the necessary side bands 
are increased over those needed for m-c-w. Each side band 
requires a certain amount of energy, and therefore, in order 
to keep the energy level of all the essential side bands up to 
the required level at the receiver, the transmitter must 
deliver more energy than for m-c-w. 

Navy transmitters operate on very-low-frequency (v-I-f), 
low-frequency (I-f), medium-frequency (m-f), and high-fre- 
quency (h-f) bands as well as on very-high-frequency (v-h-f) 
and ultrahigh-frequency (u-h-f) bands. 

The VERY-LOW-FREQUENCY BAND, from 10 to 30 kilocycles, 
is not covered by shipboard transmitters. The antennas 
needed for such low frequencies are too long to be erected 
aboard a ship. However, there are some v-l-f stations on 
shore. One of the frequencies of the Primary Fleet Broad- 
cast, NSS, is in the very-low-frequency band. Powerful 
y-l-f stations with their huge antennas are capable of trans- 
mitting signals through magnetic storms that dlank out the 
higher radio-frequency channels. One such station (the most 
powerful to date) has recently been erected near Seattle, 
Washington. 

The Low-FREQUENCY BAND, from 30 to 300 ke, is used most- 
ly for long-range direction finding. This band provides, 
however, a means of reliable medium- and long-range com- 
munication. Useful amounts of radiation can be produced 
in this band with shipboard antennas. The frequencies 
in the low-frequency band do not depend on sky waves and 
provide stable communication with little variation from 
season to season. 

The area that may be covered by the MEDIUM-FREQUENCY 
RAND, extending from 300 to 3,000 ke, depends on the ground 
wave. Sky-wave reception of medium-frequency waves is 
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also possible. (Propagation is treated in chapter 11.) At 
the upper end of this band the ionosphere has a great effect 
on the sky waves. Relatively long distances can be covered 
by using this band if the correct frequency is used at the cor- 
rect time. The international distress frequency, 500 kc, is 
in this band. Commercial broadcast stations as well as 
Navy stations operate in this band. 

The HIGH-FREQUENCY RAND is also used by the Navy. 
This band includes the frequencies between 3 and 30 mega- 
cycles. The sky wave is increasingly important in this band, 
and long-range communication is possible. Propagation 
characteristics of waves in the h-f band change with the time 
of day and the season. The choice of frequency depends on 
the variables in the ionosphere. For long-range ship-to-ship 
and ship-to-shore communications either the h-f band or the 
upper part of the m-f band may be employed, depending 
mostly on the time of day. Transmitters such as the TBM, 
TBL, TBK, and TDE, cover part of the m-f and most of the 
h-f bands. The TBL and TDE also cover a portion of the 
1-f band. 

The VERY-HIGH-FREQUENCY BAND extends from 30 to 300 
megacycles. This band is not used extensively by the Navy 
for communications purposes. However, the 60- to 80-mc 
band is used by Navy type TBS and MBF transmitters, and 
the 100- to 150-mc band is used by Navy type TDQ and the 
AN/ARC series of transmitters. Both of these bands are 
used largely for emergency purposes. Portions of the v-h-f 
band, however, are used for airborne communications. The 
TDQ and TBS transmitters and the MBF transmitter- 
receiver operate in this band. Dependable communications 
at distances slightly greater than the horizon can be obtained 
with these equipments. The v-h-f band is used with early 
warning radar, IFF, television, and f-m broadcast stations. 

The ULTRAHIGH-FREQUENCY RAND includes the frequencies 
between 300 and 3,000 megacycles. The low end of this 
band is used for communications and portions of the high 
end are used for radar. Navy type u-h-f transmitters in- 
clude the TDZ, and TED, the MAR, and the AN/ARC 27, 
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all of which have frequency ranges from 200 to 400 mc (ex- 
tending into the v-h-f band). 

Thus it may be seen that Navy transmitters must be 
flexible as far as type of modulation (c-w, m-c-w, or voice) 
and frequency range (frequency multiplication is often used 
to extend the range) are concerned. The maximum in 
utility must be obtained from the equipment for a minimum 
in size and weight. Therefore, care in design and modifica- 
tions where needed characterize these transmitters. A few 
of the more important features that must be incorporated 
in every Navy transmitter are excellent frequency stability, 
ruggedness, long life, flexibility of operation, remote-control 
operation, ease of tuning, and high efficiency. Individual 
transmitters often have several modifications, the main differ- 
ence being in the power supplies or in minor mechanical or 
electrical changes. Navy equipment is somewhat different 
from corresponding commercial equipment. Some of the 
differences may seem of little significance, but over a period 
of years the equipment designed specifically for Navy use has 
proved superior. 


CONTINUOUS-WAVE TRANSMITTERS 
Introduction 


The continuous wave is used principally for radio teleg- 
raphy—that is, for the transmission of short or long pulses 
of r-f energy to form the dots and dashes of the Morse code 
characters. C-w transmission was the first type of radio 
communication used, and it is still used extensively for long- 
range communications. Some of the advantages of c-w 
transmission are narrow bandwidth; high degree of intelligi- 
bility, even under severe noise conditions; long range; and 
security, because the message may be encrypted. 

A modern application of c-w transmission is the teletype, 
which replaces the operator for changing the plain language 
into code and code into plain language. To transmit a mes- 
sage with teletype the operator presses keys on a keyboard 
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similar to a standard typewriter. As each key is pressed, 
mechanical cams and linkages cause a sequence of mark and 
space signals to be sent out by the transmitter. At the re- 
ceiving end, the received signal actuates selector magnets in 
a similar machine that causes the character transmitted to be 
printed on a paper and the carriage to be advanced one space. 
The code characters may be cut in a tape by the operator 
at relatively slow speeds and later transmitted at high speeds. 
Automatic transmission of messages has the advantages of 
speed and rythmic character transmission for easier manual 
copying by an operator. However, it has the great disad- 
vantage of being very easily interfered with. When inter- 
ference is too great, an operator must take over and trans- 
scribe on a typewriter. 

The four essential components of a c-w transmitter are: 
(1) a generator of r-f oscillations, (2) a means of amplifying: 
these oscillations, (3) a method of turning the r-f output on 
and off (keying) in accordance with the code to be trans- 
mitted, and (4) an antenna to radiate the keyed output of 
the transmitter. A block diagram of a master-oscillator 
power-amplifier transmitter together with the power supply 
is shown in figure 9-1. 





POWER 
SUPPLY 


Figure 9-1.—Master-oscillator power-amplifier transmitter. 


Oscillator 


One of the most important sections of a transmitter is the 
one containing the oscillator. Here the frequency on which 
the transmitter operates (or a subharmonic of the transmitter 
frequency, if frequency doublers or multipliers are used) is 
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generated and maintained within the required limits. Two 
of the problems encountered in this section of the transmitter 
are (1) maintaining a stable frequency, and (2) switching 
from one frequency to another with a minimum of adjust- 
ments. Oscillators are treated in chapter 7. Only some of 
the special problems as applied to transmitters will be con- 
sidered in this chapter. 

One of the major problems encountered in the operation 
of transmitters is that of frequency drift. The frequency of 
a transmitter should be stable enough to avoid wandering 
into another band and causing interference; also, it should be 
stable enough to permit a receiver to stay on the transmitter 
frequency. However, the master oscillator in a transmitter 
tends to change frequency when it is being warmed up and 
when the load on the oscillator varies. The law requires that 
the carrier frequency be held very close to the specific fre- 
quency assigned by the Federal Communications Commis- 
sion. For example, the frequency tolerance allowed an 
international broadcast station is 0.005 percent of the 
assigned frequency. 

The frequency of a transmitter can be stabilized by the 
use of a crystal oscillator However, this arrangement 
would require a large number of crystals to cover the many 
frequency channels used by the Navy. A more flexible 
means of obtaining stability (especially at the lower fre- 
quencies) is to control the frequency of a transmitter with a 
variable master oscillator. An electron-coupled oscillator 
(ECO) is commonly used. 

Most of the frequency drift in master oscillators is due to 
changes in the physical size of the components with varia- 
tions in temperature; therefore, changes in the electrical 
characteristics of the oscillator circuit, as well as changes in 
the oscillator tube characteristics, are introduced. Placing 
the frequency-determining components of the oscillator in a 
temperature-controlled oven eliminates this drift. To ensure 
further stability the oscillator is loaded very lightly and iso- 
lated by a buffer stage. 

The frequency of the master oscillator can be affected also 
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by vibration and sudden shocks. In some transmitters all 
of the oscillator elements are mounted in a single oscillator 
unit. The oscillator unit is then suspended on springs and 
snubbed by sponge rubber cushions to keep the shock and 
vibrations reaching the oscillator unit to a minimum. 

Frequency stability becomes even more important when a 
transmitter uses frequency multiplier stages because any 
drift in the oscillator frequency will be multiplied in these 
stages. For example, if the output frequency is eight times 
the oscillator frequency, any drift of the oscillator frequency 
will be multiplied by eight. 

Not all Navy transmitters use all of the refinements, but 
every transmitter has some means of ensuring frequency 
stability. 

The majority of master oscillator circuits in low- and 
medium-frequency Navy transmitters are electron-coupled 
oscillators because of their stability. The frequency of the 
oscillator is varied by either a variable capacitor or a variable 
inductor. Different frequency ranges are obtained by using 
a tapped oscillator coil or by switching in various values of 
capacitance. Sometimes both methods are used together. 
Usually the frequency of the oscillator is doubled in the plate 
circuit. With this arrangement, any energy fed back to the 
grid circuit is twice the frequency of the energy in the grid 
circuit and does not affect the stability of the oscillator. 

Most of the transmitters operating in the u-h-f band are 
crystal controlled. However, crystals having a fundamental 
frequency in the u-h-f band are not practical because of the 
physical restrictions, such as the difficulty in grinding the 
crystals and their extreme fragility. They are about the 
size of a thin dime. Therefore, the transmitter usually em- 
ploys a low-frequency crystal oscillator followed by a number 
of frequency multipliers, the number used depending on the 
desired output frequency. Of course, the multiplier stages 
must be accurately tuned to the correct harmonic frequency. 
In this arrangement the crystal is larger and more substantial 
than it would be if it were operated at the higher frequencies. 
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Buffer Amplifier 


As mentioned previously, a buffer amplifier is placed be- 
tween the oscillator and the power amplifier to isolate the 
oscillator from the load and thus improve the frequency 
stability of the transmitter. If the frequency of the plate 
tank circuit of the buffer amplifier is the same as that of the 
oscillator driving it, the stage is a conventional type of ampli- 
fier, usually class C. 

If the plate tank circuit of the buffer amplifier is tuned 
to the second harmonic (in order to increase the frequency of 
the radiated signal) of the driving signal applied to the grid, 
the stage becomes a frequency doubler and the output voltage 
has a frequency equal to twice that of the input. Likewise, 

the buffer amplifier may become a tripler or a quadrupler. 

A frequency-doubler stage is shown in figure 9-2, A. 
The plate tank is tuned to twice the frequency of the grid 
tank. If L1 is equal to 10 uh and C1 is equal to 25.3 yuf, 
the resonant frequency of the grid tank is 


159 159 

VLC V10X25.3— 
If the plate tank ccil has an inductance of 10 uh and the 
resonant frequency of the plate tank is 20 mc, the plate 
tank capacitor, C2, will have a value of 


C1 75.3.6, 3 wu. 


The capacitance of C2 may be verified by substituting the 
values of f and L in the following formulas: 


son(iP) 


100=(”), 


thus, 
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Figure 9-2.—Frequency doubler 
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The curves of plate voltage, grid voltage, and plate 
current are shown in figure 9-2, B. The dotted curves indi- 
cate operation as a class-C amplifier without frequency 
multiplication, and the solid curves indicate operation as a 
frequency doubler. Unless the operating bias is increased, 
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the triode plate will overheat when the plate tank is tuned to 
the second harmonic of the grid-tank circuit. Plate voltage 
is higher (a to 6) during the interval the grid voltage is 
above cutoff, and the duration of plate current flow is re- 
duced by increasing the operating bias from c to d. 

Although the angle of plate-current flow is reduced, the 
efficiency is maintained. The output of the frequency 
multiplier varies inversely with the extent of frequency 
multiplication. If the plate tank is tuned to the second 
harmonic of the grid tank, the duration of flow of plate 
current is from 90° to 100° and the power output is about 65 
percent of the output of a class-C amplifier. If the plate 
tank is tuned to the third harmonic of the grid tank, the 
angle of flow of plate current is from 80° to 120° and the 
output is reduced to 40 percent of that of a class-C amplifier. 
If the plate tank is tuned to the fourth harmonic of the grid 
input signal, the angle of plate current flow is reduced to 
between 70° and 90°, and the output is 30 percent of that of 
a class-C amplifier. If the frequency is multiplied by 5, 
the angle of plate current flow is from 60° to 72° and the 
output power is 25 percent of that of a class-C amplifier. 

In every case it is necessary to increase the operating 
bias and the grid driving signal as the frequency multipli- 
cation increases in order not to overheat the triode plate. 
The flywheel effect in the plate tank supplies the missing 
cycles of grid drive and the output is approximately an 
undamped wave having sine waveform. 

Three important conditions must prevail in order to ob- 
tain frequency multiplication—(1) high grid-driving voltage, 
(2) high grid bias, and (3) plate tank tuned to the desired 
harmonic. If the second harmonic is selected, the stage is 
called a FREQUENCY DOUBLER; if the third is used, the circuit 
is called a FREQUENCY TRIPLER, and so forth. 

Certain amplifier circuits are suited to the generation 
of even harmonics and others to the generation of odd 
harmonics. Push-pull amplifiers produce only odd har- 
monic frequency multiplication—third, fifth, seventh, and 
so forth. If the grids of two triodes are connected in push- 
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Figure 9-3.—Even-order harmonic frequency multiplier. 


pull and the plates in parallel (fig. 9-3), even-order harmonics 
can be produced. 

The grid signals are 180° out of phase. When one grid 
voltage is positive maximum, the other is negative maximum, 
and the second alternation of the cycle reverses the respec- 
tive potentials. Thus pulsating plate current flows first 
in one tube and then in the other. Because the plates are 
connected in parallel, the output pulses are in the same direc- 
tion and the plate tank circuit receives two pulses for each 
input cycle at the grids. This type of doubler is capable 
of greater output and higher plate efficiency than the single- 
tube type. 


Power Amplifier 


Wherefore the buffer stage isolates the oscillator from 
the varying load caused by the keying, the power amplifier 
increases the magnitude of the r-f current and voltage by 
the resonant action of the plate tank circuit. The power 
amplifier shown in figure 94 is a class-C amplifier. The 
triode amplification factor, u, is 20 and the plate supply 
voltage is 1,000 volts. The cutoff bias, eco, is therefore 

—e,_ —1,000 


ta Sap ee volts. 


The operating bias, e,, is three times the cutoff, and therefore 
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Figure 9-4.—Power amplifier. 


€,=3(—50)=—150 volts. 


The maximum value of the r-f input signal is 180 volts. Thus, 
when the grid end of the r-f input is positive, the peak 
positive grid-to-cathode voltage is 180—150=+30 volts. 
When the grid end of the r-f input is negative, the peak 
negative grid-to-cathode voltage is (—180) + (—150)= 
—330 volts. 

When the grid voltage is above the cutoff value, plate 
current flows, and at the instant the grid voltage is +30 
volts, the plate current is 150 ma (fig. 9-4, B). The tuning 
capacitor, C4, charges up to nearly the full value of the 
B-supply voltage, or 950 volts. During this charging proc- 
ess, the lower capacitor plate is positive and the upper plate 
is negative. Thus, the instantaneous triode plate-to-ground 
voltage, when the capacitor voltage is 950 volts, is 1,000 
—950=50 volts. This value is called ¢,., and represents the 
lowest value of plate-to-cathode voltage in the entire cycle. 

The relations between plate voltage, plate current, grid 
excitation voltage, and resonant plate tank circuit voltage 
and current are shown in figure 9-5. The flywheel effect in 
the plate tank circuit causes the capacitor to periodically 
reverse its polarity and continue the a-c cycle within the 
tank when the grid voltage is below cutoff and no energy is 
being supplied to the tank circuit from the power supply. 
The plate voltage swings from 1,000 volts to a minimum of 
50 volts and then to a maximum of 1,950 volts before it 
completes the cycle. 

Thus, the plate tank circuit converts pulses of unidirec- 
tional current in the triode plate circuit into sine-wave varia- 
tions of current in the resonant tank. These surging currents 
give the tank circuit the so-called FLYWHEEL EFFECT, in 
which the tuned circuit makes up the portion of the sine 
wave missing in the plate current pulses, and supplies a 
voltage of sine waveform to the load. The tube acts as a 
valve merely to supply the necessary power at just the right 
time. 

Plate current flows for about one-third of each cycle. 
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Figure 9-5.—Power amplifier current and voltage relation. 


Energy is supplied to the tank circuit during the time plate 
current flows. Plate voltage, e,, is below the power-supply 
value during this portion of the cycle because the tank 
capacitor charges up with a polarity that opposes the polarity 
of the power supply, and e,=E,—e,, where e, is the voltage 
across the tank capacitor. Thus, energy is supplied to the 
tank with minimum plate losses because it is supplied at a 
time when the plate voltage (hence plate losses) is at a mini- 
mum. The efficiency of the class-C amplifier may be as 
high as 70 percent. 

Grid voltage is positive with respect to the cathode for 
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a short time in each cycle, and for optimum conditions the 
minimum value of plate voltage, émm, should be equal to the 
maximum positive value of grid driving voltage, émax. In 
other words, émsz=€mm- The maximum positive grid voltage, 
€max, Should never be allowed to exceed the minimum plate 
voltage, émm. Otherwise, plate current would decrease and 
grid current would become excessive resulting in a reduction 
in output power and excessive grid losses. Thus in figure 
9-5, émax is made 20 volts less than em in order to ensure 
that ema: Will never exceed émm- 

The plate tank circuit in figure 9-4 may have an artificial 
load applied to it for the purpose of tuning the amplifier 
prior to coupling the antenna to it. This load may take 
the form of an incandescent lamp of approximately the same 
power rating as the amplifier supplying it. The load is 
coupled to the tank by means of the link coil, Z3. 

The plate supply voltage is reduced and tuning capacitor 
C4 is adjusted for resonance, as indicated by the dip in the 
plate milliammeter (line current is a minimum at resonance). 
The sharp decrease in plate current is accompanied by a 
corresponding increase in tank current. As resonance is 
approached, grid current increases as plate current decreases. 
The load on the tank circuit may be increased by moving 
link coupling inductor Z3 closer to tank coil Z2 and increas- 
ing the plate supply voltage to the normal value. 

The increased load on the amplifier increases the current 
through the lamp and decreases the current in the plate tank 
circuit. The decrease in current in the resonant tank is 
accompanied by a decrease in voltage, e,, across the tank. 
Thus in figure 9-5, émm becomes larger (¢mm=H»—eé-) and 
plate current increases with the load. The space current 
increases because plate voltage is increased during that 
portion of the cycle when the triode is conducting. For a 
given filament emission, plate current increases and grid 
current decreases as the load on the tank increases. 

The transmitter output may be coupled to the antenna 
by tuning the antenna to resonance and coupling it to the 
final amplifier tank by means of a link coil similar to Z3. 
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"The artificial load is removed by moving L3 away from L2, 
as the antenna load is applied to the tank. 


Bias Methods 


Most of the bias methods used in receivers can also be 
employed in transmitters. However, because of the power 
output requirements of transmitters, class-B or class-C r-f 
amplifiers are used most often and these call for grid-leak 
bias. Grid-leak bias depends on grid current flow for a 
portion of the input cycle. This type of bias is not generally 
used in receivers because most r-f amplifiers in receivers 
operate class A with no grid current. 

A grid-leak bias circuit is shown in figure 9-6. The triode 
is assumed to operate as a class-C amplifier with a peak 
driving voltage of 180 volts, a cutoff bias of —50 volts, and 
an operating bias of —150 volts. The polarities and mag- 
nitudes of the voltages for the condition of maximum posi- 
tive grid-to-cathode voltage are shown in figure 9-6, A. 
The polarities and magnitudes of the voltages for the con- 
dition of maximum negative grid-to-cathode voltage are 
shown in figure 9-6, B. The wave forms of the grid-driving 
voltage and plate current are shown in figure 9-6, C. 

Capacitor C1 blocks grid current from the signal source. 
Capacitor (2 is an r-f bypass capacitor that holds the lower 
end of the r-f choke at r-f ground potential. Grid-leak bias 
voltage is developed across grid resistor R. 

In this example, R has a resistance of 15 k-ohms and the 
grid current is 10 milliamperes. The voltage across R is 
10X15, or 150 volts. The voltage across R without C2 is 
a series of half-wave pulses. The fact that C2 is shunted 
across R smoothes these pulses into a steady d-c bias voltage. 
The electron flow through R makes the grid end negative 
and the cathode end positive. 

The a-c driving voltage is developed across the r-f choke 
which presents high inductive reactance to the r-f input and 
low effective resistance to the d-e grid current. The capaci- 
tive reactances of capacitors C1 and C2 are low so that the 
a-c voltage across them is negligible. 
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Figure }-6.—Analysis of grid-leak bias. 


In figure 9-6, A, the grid conducts and the positive peak 
grid-to-cathode voltage is 180—150, or +30 volts. During 
the time grid current flows, C1 charges up to 180—30, or 
150 volts, and the low impedance of the conducting cathode- 
to-grid circuit bypasses grid current around the r-f choke 
and resistor R. 

Also during the time the grid is conducting, C2 discharges 
through R, thus maintaining the operating bias of —150 
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volts. C2 is sufficiently large that its voltage does not 
change appreciably during discharge. 

On that portion of the input cycle when the grid is nega- 
tive with respect to the cathode, no grid current flows. At 
the instant pictured in figure 9-6, B, the grid is maximum 
negative with respect to the cathode. The path for the a-c 
input voltage is to the right through Cl and down through 
the r-f choke and grid resistor R. Capacitor C2 charges up 
as Cl discharges. (C1 is sufficiently large that its d-c poten- 
tial does not fall appreciably during discharge. 

Grid-leak bias has the desirable characteristic of adjusting 
its value automatically when the amplitude of the grid 
driving voltage varies in magnitude. For example, an in- 
crease in driving voltage increases the operating bias, which 
checks the increase in grid current; or, if the grid driving 
voltage decreases, the decrease in grid current is checked by 
a shift of the operating bias in a positive direction. The 
correction is automatic in either case because it is the flow 
of grid current through the grid resistor that produces the 
operating bias. Thus the grid current is maintained at the 
proper value automatically over an appreciable range of 
input voltage. 

In order to maintain grid-leak bias, grid current must 
flow a part of each cycle. Removing the driving voltage or 
lowering its amplitude below the value that drives the grid 
positive causes a loss in grid current and operating bias. 
Plate current then becomes dangerously high and the tube 
may be damaged. 

Separate bias may be employed to prevent the condition 
of excessive plate current when grid bias is removed. Figure 
9-7 shows a circuit that uses protective bias in series with 
grid-leak bias. In this example, the grid bias is developed 
as a result of the flow of 10 ma of grid current through a 
10 k-ohm resistor. The voltage across R is 1010, or 100 
volts. The protective bias is provided by a 50-volt battery. 
Cutoff bias for the triode is assumed to be —50 volts. The 
total operating bias is —100—50, or —150 volts. 

Grid current flows down through # and into the negative 
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Figure 9-7.—Combination grid-leak and battery bias. 


terminal of the battery. The direction is such as to charge 
the battery and raise its terminal voltage when grid current 
flows. The energy to charge the battery comes from the 
a-c driving voltage source. Thus, the voltage regulation of 
a separate bias supply, such as the bias battery, is negative 
(the greater the grid current, the higher is the bias supply 
voltage). 

Other forms of protective bias, including cathode bias, 
and separate bias supplies are discussed in chapter 3. 


Transmitter Electron Tubes 


Electron tubes used in transmitters differ very little from 
those used in receivers except in size. Because most trans- 
mitter tubes are power tubes designed to amplify high volt- 
age and heavy current, they must be of much larger and 
heavier construction. The plate dissipation of a tube is the 
difference between the plate power input and the power 
output. If this dissipation is greater than normal, the plate 
will become very hot, sometimes glowing with a red color 
from this heat. If the heat becomes intense, gases may 
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develop within the tube, making it unsatisfactory for fur- 
ther use. A transmitter should not be operated for any 
appreciable time if the plates become red unless the service 
manual for the set states that this condition is normal for 
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Figure 9-8.—Medium-power transmitting tetrode. 
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operation. Loss of bias, insufficient grid excitation, or 
improper tuning may cause overheating of a transmitter tube. 

A common screen-grid tube similar to the type 860 used 
as a class-C r-f power amplifier in Navy transmitters is 
shown in figure 9-8. It requires no neutralization and is 
used in medium-power transmitters. 

The thoriated tungsten filament has a rating of 10 volts 
and 3.25 amperes. The two filament leads and the screen- 
grid lead are brought out through the base pin connections. 
The screen-grid voltage is 300 volts. The control grid is 
connected to stranded leads that are brought out through a 
separate seal in the upper arm of the bulb. Control-grid 
voltage for class-C operation is —150 volts and grid current 
is 15 milliamperes. The driving power required is about 7 
watts. The plate is connected to stranded leads that are 
brought out through a separate seal in the side arm of the 
bulb. Plate voltage for class-C operation is 3,000 volts. 

This tube is mounted in a vertical position. The plate 
shows a dull red color when it is operated at the maximum 
plate dissipation rating of 100 watts. Normal plate current 
is 85 ma when the power output is 165 watts. Plate effi- 
ciency of this amplifier is about 65 percent when the plate 
dissipation is 90 watts. The amplification factor of this 
tetrode is 200, its transconductance is 1,100 micromhos, and 
its a-c plate resistance is approximately 182,000 ohms. 

Because plate current flows for only a portion of each 
cycle, tubes are better able to dissipate the heat developed 
and thus have a longer life if they are operated class C. Ad- 
ditional details on the construction and operation of electron 
tubes are given in chapter 2. 


Neutralization 


A transmitter r-f amplifier having a plate tank and grid 
tank circuit both tuned to the same frequency resembles a 
tuned-plate tuned-grid oscillator. Unless some precaution 
is taken to prevent it, the amplifier may break into oscilla- 
tion, causing a very unstable operating condition. If a 
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voltage is fed back from plate to grid in phase with the grid 
signal, oscillation will occur. If the voltage fed back is 180° 
out of phase with the grid signal, the action is degenerative 
and oscillations will be stopped. 

Neutralization is a process of balancing the voltage fed 
back by the interelectrode capacitance of the tube with an 
equal voltage of opposite polarity. Dividing the plate cir- 
cuit so that the neutralization voltage is developed across a 
part of it is called PLATE NEUTRALIZATION. If the voltage 
of neutralization is developed in the grid circuit the arrange- 
ment is called GRID NEUTRALIZATION, 

In figure 9-9, the plate tank coil has a center-tap connec- 





Figure 9-9.—Plate neutralization. 


tion. The voltage between point A and ground is 180° out 
of phase with the voltage from point B to ground. Feed- 
back through the plate-to-grid capacitance of the triode 
produces a voltage across the grid input circuit that is in 
phase with the grid excitation voltage and therefore tends to 
cause the amplifier to break into oscillations. 

The neutralizing capacitor, Cy, couples a portion of the 
voltage between point B and ground to the grid input circuit. 
This action is degenerative and tends to block oscillations. 
A simplified equivalent circuit is shown in figure 9-10. 

By the adjustment of Cy, the voltage fed back to the grid 


through Cy is made equal to the voltage fed back through 
the tube. 
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Figure 9-10.—Equivalent circuit for plate neutrolization. 


One method of determining the correct adjustment for 
Cy is to apply the input r-f voltage with normal filament but 
no plate voltage. A pick-up coil near the plate tank is fed 
to the vertical input of a cathode-ray oscilloscope. Cy is 
adjusted so that no r-f voltage appears on the scope when the 
plate tank is tuned to resonance. Under these circum- 
stances the r-f current divides equally through Cpg and Cy. 
The resulting r-f currents in the plate tank flow in opposite 
directions and cancel the tank inductive effect so that no 
resonant build-up occurs between the coil and capacitors. 
A neon glow bulb, a loop of wire attached to a small flash- 
light bulb, or a sensitive r-f galvanometer may be used if 
an oscilloscope is not available. 

If there is a milliammeter in the amplifier grid circuit, the 
adjustment of Cy may be made by observing the grid meter 
as the plate tank is tuned through resonance, with no plate 
voltage applied. When there is an unbalance between Cpa 
and Cy, the plate becomes alternately positive and negative 
as the plate tank strikes resonance. On positive swings, 
plate current flows. As the plate tank circuit is tuned to 
the resonant frequency, some of the clectrons that were 
going to the grid now go to the plate, thereby causing a dip 
in grid current. 
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However, as Cy is adjusted to neutralize the amplifier 
stage, the r-f current from the input stage divides equally 
and _ flows in opposite directions in the two halves of the 
plate-tank coil, thus canceling the inductive effect of the coil 
and preventing the build-up of resonance in the tank. There 
is no rise in tank current and voltage, and the triode plate 
remains at zero potential. Therefore, with Cy properly 
adjusted, no dip in grid current occurs as the plate tank is 
tuned through the resonant frequency. 

Another indication of the neutralized condition of the 
amplifier stage is obtained by observing the reaction on the 
plate and grid currents of the input stage as the amplifier 
plate tank (with no voltage applied) is tuned through reso- 
nance. If the amplifier is not properly neutralized, the res- 
onant build-up in the plate tank varies the load on the 
exciter stage as the plate tank is tuned through resonance. 
Thus, in the exciter stage, the grid current decreases and the 

plate current increases as the amplifier plate tank strikes 
resonance. However, when Cy is properly adjusted to neu- 
tralize the amplifier stage, no increase in loading occurs on 
the exciter stage as the plate tank is tuned to the resonant 
frequency, and the grid and plate currents in the exciter 
stage remain the same. 

In some transmitter circuits it is more convenient to turn 
off the filament voltage on the amplifier stage instead of 
removing plate voltage. If this is done, the process of 
neutralizing the amplifier is carried out the same way, except 
that no current flows in the amplifier grid circuit. The 
absence of radio frequency in the amplifier plate tank, as 
evidence of the correct adjustment of Cy, may be de- 
termined by the effect on the exciter stage or on an r-f pick-up 
coil and associated indicator, as previously mentioned. 

To obtain complete neutralization the transmitter must be 
designed so that there is no coupling between the input (grid) 
and output (plate) circuits of the amplifier stages other than 
through the interelectrode capacitance of the tubes. The 
input and output inductors must be shielded from each other 
or mounted at right angles to reduce any coupling between 
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them to a negligible amount. The wiring and arrangement 
of component parts must reduce stray capacitive or inductive 
coupling to a minimum. 

Cross neutralization of a push-pull amplifier is accom- 
plished as shown in figure 9-11, A. The plate of tube 1 is 





RICE SYSTEM OF NEUTRALIZATION 
Figure 9-11.—Neutralization circuit. 


connected to the grid of tube 2 through neutralizing capacitor 
Cy1, and the plate of tube 2 is connected to the grid of tube 
1 through neutralizing capacitor Cyz. The voltage fed back 
through the interelectrode capacitance (plate-to-grid) of 
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m tube 1 to the input circuit for that tube is counteracted by 

y; the voltage fed back through Cy;. The voltage fed back 
through the interelectrode capacitance (plate-to-grid) of 

, tube 2 to the input circuit for tube 2 is counteracted by the 
voltage fed back through neutralizing capacitor Cy. 

A special method of amplifier neutralization, known as 
the Rice system, is shown in figure 9-11, B. This arrange- 

- ment is similar to that of figure 9-11, A, except that the Rice 
system utilizes a split input circuit in place of a split output 
circuit. The voltage fed back from the plate to the grid 
through Cpg is counteracted by the voltage fed back through 
Cy. This circuit is a form of grid neutralization. 

The use of a well-shielded tetrode or pentode makes 
neutralization unnecessary, because the plate and grid are 
shielded from each other by the screen grid and its associated 
r-f bypass capacitor which holds the screen at r-f ground 
potential. However, the over-all efficiency of these tubes is 
not as great as that of triodes, since there is a screen-grid 
power loss. The high impedance of such tubes makes them 
more suitable for voltage amplifiers than for final output 
stages where power output is the principal factor. Low 
excitation requirements make tetrodes and pentodes espe- 


cially suitable for use in the intermediate stages of a trans- 
mitter. 


Parasitic Oscillations 


Circuit conditions in an oscillator or amplifier may be 
such that secondary oscillations occur at frequencies other 
than that desired. The frequency of these oscillations is 
neither that of the fundamental nor its harmonics. Such 
oscillations are appropriately termed PARASITIC OSCILLATIONS 
and are to be avoided. The energy required to maintain 
parasitic oscillations is wasted so far as useful output is con- 
cerned. A circuit afflicted with parasitics has low efficiency 
and frequently operates erratically. 

Figure 9-12 shows some of the incidental circuits that 
may give rise to parasitics in a transmitter amplifier. The 
dotted lines in figure 9-12, A, outline a possible h-f circuit, 
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Figure 9-12.—Parasitic oscillatory circuits in a transmitter. 


and those in figure 9-12, B, outline a possible u-h-f circuit. 
The part of a transmitter that constitutes a possible 1-f 
parasitic circuit is shown in figure 9-12, C. 

Parasitic oscillations may be suppressed by placing 
resistors or chokes at appropriate positions in the circuits, 
or by slightly modifying the existing values of certain circuit 
elements. Also, care should be used in the physical arrange- 
ment and wiring of parts. Parasitic suppressors consisting 
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of an inductor and resistor in parallel are sometimes inserted 
in the grid and plate leads of an r-f amplifier to suppress 
high-frequency parasitic oscillations. The resistor has a 
resistance of from 50 to 100 ohms. The path through the 
r-f choke has a low impedance to mormal frequencies and a 
high impedance to high frequencies (parasitics). Thus, 
normal frequency currents flow through the r-f choke without 
attenuation. The path of the h-f parasitic currents is 
through the resistor which dissipates the feedback energy 
in the form of heat and reduces the magnitude of the parasitic 
oscillations to a negligible amount. 


Keying Systems 


Keying a c-w transmitter causes an r-f signal to be radiated 
onLy when the key contacts are closed. When the key 
is open the transmitter does not radiate energy. Keying 
is accomplished in either the oscillator or amplifier stages of 
a transmitter. A number of different keying systems are 
used in Navy transmitters. 

In most Navy transmitters the hand telegraph key is at 
low potential with respect, to ground. The keying bar is 
usually grounded to protect the operator. Generally a 
keying relay with its contacts in the center-tap lead of the 
filament transformer is used to key the equipment. Because 
one or more stages use the same filament transformer, these 
stages are also keyed. The final amplifier, which is operated 
class C, is usually not keyed because with no excitation 
applied no space current flows. Hence, keying the final 
amplifier along with the other stages is not necessary. 

Two methods of oscillator keying are shown in figure 9-13. 
In figure 9-13, A, the grid circuit is closed at all times, and 
the key opens and closes the negative side of the plate 
circuit. This system is called PLATE KEyING. When the 
key is open, no plate current can flow and the circuit does 
not oscillate. In figure 9-13, B, the grid and plate circuits 
are both open when the key is open and both are closed 
when the key is closed. This system is called caTHODE 
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PLATE KEYING 





CATHODE KEYING 
Figure 9-13.—Orcillator keying. 


KEYING. Although the circuits of figure 9-13 may be used 
to key amplifiers, other keying methods are generally em- 
ployed because of the larger values of plate current and 
voltage encountered. 

Two, methods of blocked-grid keying are shown in figure 
9-14. The key in figure 9-14, A, shorts cathode resistor 21, 
allowing normal plate current to flow. With the key open, 
reduced plate current flows up through resistor R1, making 
the end connected to grid resistor R, negative. If R1 has 
a high enough value, the bias developed is sufficient to cause 
practical cutoff of plate current. Complete cutoff is not 
possible because the bias voltage developed across R1 depends 
on the flow of some plate current through it. However, the 
blocking is sufficient for practical keying. Depressing the 
key short-circuits R1, thus increasing the bias above cutoff 
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Figure 9-14.—Blocked-grid keying. 


and allowing the normal flow of plate current. Grid resistor 
R, is the usual grid-leak resistor for normal bias. This 


method of keying is applied to the buffer stage in a c-w 
transmitter. 
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The blocked-grid keying method shown in figure 9-14, B, 
affords complete cutoff of plate current and is one of the 
best methods for keying amplifier stages in c-w transmitters. 
In the voltage divider, with the key open, two-thirds of 
1,000 volts, or 667 volts, are developed across the 200 k-ohm 
resistor and one-third of 1,000 volts, or 333 volts, are devel- 
oped across the 100 k-ohm resistor. The grid bias is —100 
—333, or —433 volts. Because this is below cutoff, no plate 
current flows. The plate voltage is 667 volts. With the 
key closed, the 100 k-ohm resistor is shorted out and the 
voltage across the 200 k-ohm resistor is increased to 1,000 
volts. Thus, the plate voltage becomes 1,000 volts at the 
same time the grid bias becomes —100 volts. Grid bias is 
now above cutoff and the amplifier triode conducts. Normal 
amplifier action follows. 

Where greater frequency stability is required, the oscillator 
should remain in operation continuously while the transmit- 
ter is in use. This procedure keeps the oscillator tube 
at normal operating temperature and offers less chance for 
frequency variation to occur each time the key is closed. If 
the oscillator is to operate continuously and the keying is 
to be accomplished in an amplifier stage following the 
oscillator, the oscillator circuit must be carefully shielded 
to prevent radiation and interference to the operator while 
he is receiving. 

In transmitters using a crystal-controlled oscillator the 
keying is almost always in a stage following the oscillator. 
In the large transmitters (75 watts or higher) the ordinary 
hand key cannot accommodate the plate current without 
excessive arcing. Moreover, because of the high plate 
potentials used it is dangerous to operate a hand key in the 
plate circuit. A slight slip of the hand below the key knob 
might result in a bad shock; or, in the case of defective 
t-f plate chokes, a severe r-f burn might be incurred. In 
these larger transmitters, some local low-voltage supply, 
such as a battery or the filament supply to the transmitter, 
is used with the hand key to open and close a circuit through 
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the coils of a keying relay. The relay contacts in turn open 
and close the keying circuits of the amplifier tubes. A 
schematic diagram of a typical relay-operated keying 
system is shown in figure 9-15. The hand key closes the 
circuit from the low-voltage supply through coil L of the 
keying relay. The relay armature closes the relay contacts 
as a result of the magnetic pull exerted on the armature. 
The armature moves against the tension of a spring. When 
the hand key is opened, the relay coil is deenergized and 
the spring opens the relay contacts. 


: Bourrut 





Figure 9-15.—Circuit for a relay-operated keying system. 


Theoretically, keying a transmitter should instantly start 
and stop radiation of the carricr completely. However, the 
sudden application and removal of power creates large 
surges of current which cause interference in nearby re- 
ceivers. Even though such receivers are tuned to frequen- 
cies far removed from that of the transmitter, interference 
is present in the form of clicks or thumps. To prevent such 
interference, key-click filters are used in the keying systems 
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of radio transmitters. Two types of key-click filters are 
shown in figure 9-16. 

The capacitors and r-f chokes in both circuits of figure 
9-16 prevent surges of current. The choke coil, L, causes a 
lag in the current when the key is closed, and the current 
builds up gradually instead of instantly. Capacitor C 
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Figure 9-16.—Key-click filters. 


charges up as the key is opened and slowly releases the energy 
stored in the inductor magnetic field. Resistor R controls 
the rate of charge and discharge of capacitor C and also 
prevents sparking at the key contacts by the sudden dis- 
charge of C when the key is closed. 

Another difficulty that may be encountered in keying 
transmitter is the presence of a back wave. A back wave 
results when some r-f energy leaks through to the antenna 
even though the key is open. The effect is as though the 
dots and dashes were simply louder portions of a continuous 
carrier. It may be difficult to distinguish the dots and 
dashes under such conditions. Back-wave radiation is 
usually the result of incomplete neutralization. 


Circuit of a C-W Transmitter 


The circuits of a small, shore-based, c-w transmitter and 
its power supply are shown in figure 9-17. The transmitter 


430 


*Ajddas samod pup sayjusuDy m->—"1 1-6 aunBiy 


























includes 3 tubes—(1) oscillator, (2) buffer, and (3) power 
amplifier. The power supply is designed to plug into a 117- 
volt 60-cycle source. 

To simplify the wiring diagram, individual meters are 
shown in the plate and grid leads for each stage. In practice, 
one meter and a multi-terininal switch for the grid circuits 
and a similar combination for the plate circuits would suffice. 

The crystal oscillator stage is keyed in the cathode circuit 
of beam-power tetrode V1, which. is similar to a tuned-grid 
tuned-plate oscillator except that the crystal replaces the 
tuned-grid circuit. The stage oscillates with the key closed 
when the plate tank, Z1C1, is tuned to a frequency close to 
that of the crystal. Grid-leak bias is developed across R1. 
The key-click filter circuit consists of R3, L3, C5, and C6. 

The r-f excitation voltage appears across the r-f choke, L2. 

Screen voltage is applied through dropping resistor R2. 
Capacitor C4 is the screen bypass capacitor, which holds the 
screen at r-f ground potential. Capacitor C2 is the plate 
bypass capacitor, which places the lower end of the plate 
tank circuit at r-f ground. The output voltage across the 
tank is coupled to the buffer stage through capacitor C3. 
Meter M1 indicates the sum of the plate and screen currents 
in V1. The output power of the oscillator is about 5 watts 
at the crystal frequency. 

The buffer stage, V2, employs a triode-connected beam- 
power tetrode biased for class-C operation and using plate 
neutralization. Neutralizing capacitor Cy, couples the 
correct amount of feedback voltage to the grid to neutralize 
the stage. 

The oscillator output voltage is developed across the r-f 
choke, L4. Capacitor C7 is an r-f bypass capacitor that 
places the lower end of the choke at r-f ground potential. 
In addition to separate bias, the grid circuit uses the voltage 
developed across resistor R4 as automatic bias. Meter M2 
indicates the buffer grid current. The stage may be used as 
a frequency doubler, in which case the plate tank tuning 
capacitor, C8, is adjusted so that the tank strikes resonance 
at the second harmonic of the crystal fundamental frequency. 
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Capacitor C10 is a plate bypass capacitor, which holds the 
center tap of tank coil Z5 at r-f ground potential. Plate 
current is indicated by meter M3. The stege develops an out- 
put power of about 15 watts. The output voltage is coupled 
through capacitor C9 to the grid circuit of power amplifier 
triode V3. The excitation voltage appears acrossr-fh coke L6. 

The power amplifier triode is biased for class-C operation 
and the plate tank (Z7, C15, and C16) is tuned to the fre- 
quency of the grid-excitation voltage. The antenna is 
coupled to the final tank through link coil Z8. Resistor R8 
is center-tapped to provide a common return for the plate and 
grid circuits and to prevent the 60-cycle filament voltage 
from modulating the r-f grid voltage. Capacitor C11 is an 
r-f bypass capacitor that holds the lower end of r-f choke L6 
at r-f ground potential. Capacitors C12 and C13 are filament 
bypass capacitors that keep rf current out of the filament 
leads. Capacitor C14 effectively places the center tap of 
plate tank coil Z7 at r-f ground potential. The stage employs 
plate neutralization. The neutralizing capacitor, Cy2, couples 
@ portion of the voltage between the lower end of the plate 
tank and ground back to the grid, to neutralize the voltage 
fed back through the plate-to-grid capacitance of V3. The 
r-f choke, L9, keeps r-f currents out of the plate supply lead. 
Meter M4 indicates grid current and M5 plate current. 
Power output is approximately 100 watts when the plate 
supply voltage is 1,000 volts. 

The power supply includes three full-wave rectifiers to 
provide plate, screen, and grid voltages for the transmitter 
tubes. It also includes filament supply transformers for both 
transmitter and power supply tubes. Transformer 71 sup- 
plies filament power to V1, V2, and V3. 

Switches S1 and S2 are arranged so that S1 must be closed 
before S2 can be energized. Thus, filament and bias voltages 
are provided for V2 and V3 before plate voltage can be 
applied to V3. The primaries of all the power supply trans- 
formers are connected in parallel and are supplied by a 
117-volt 60-cycle source. Power supplies are treated in 
chapter 3. 
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Tuning a C-W Transmitter 


All radio transmitters must be properly tuned to ensure 
efficient operation on the assigned frequency. Transmitters 
are always tuned on c-w even if m-c-w or voice modulation 
may also be used. Plate-current meters are generally used to 
indicate proper adjustment of the r-f stages. All stages, with 
the exception of the oscillator, are always adjusted or tuned 
for minimum plate current. Ifa stage is not tuned to reso- 
nance, the plate current will be high and high plate dissipation, 
power loss, and low output will result. When a stage is 
loaded by another stage or an antenna, the plate current of 
the stage in question must be rechecked for circuit resonance 
(minimum plate current) after loading. 

If 4 gassy tube is present in the set, plate current in that 
stage cannot be brought to the proper minimum, and grid 
current will remain too low or may even reverse. The tube 
will act as though there were a short between the grid and 
cathode and much of the energy supplied to the stage will be 
grounded and lost. This condition can be recognized by any 
of the indications just mentioned and by a violet-colored 
glow between the tube elements. The only remedy for this 
condition is a new tube. 

The coupling of the tuned antenna to the transmitter is 
accompanied by three principal effects— 

1, The antenna current (r-f energy) increases. 

2. The plate current of V3, as indicated on meter M5, 

increases. 

3. The grid current of V3, as indicated on meter M4, 

decreases. 

In the final tune-up process the act of moving the antenna 
link coil closer to the final power-amplifier tank coil usually 
detunes the final stage slightly. This detuning results in an 
increase in the indication on plate-current meter M5. To 
correct this condition, plate tank capacitors C15 and C16 
should be readjusted until minimum current is indicated on 
M5. This adjustment results in a further increase in output 
power and antenna current. The antenna is then ready for 
keying. 
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Capabilities of a C-W Transmitter 


In view of the comparative slowness and inconvenience of 
© keying the dots and dashes of Morse code, it might seem that 
‘ radiotelegraphy would be superseded by radiotelephony, 
* which uses modulated waves. O-w transmission, however, 
‘has four distinct advantages over radiotelephony. 

1. Radiotelegraph transmitters have a greater trans- 
mission range than radiotelephone transmitters of the 
same power output because, in the latter, speech from 

; a distant point may be audible, but not intelligible. 

2. C-w signals may be picked up by code receivers that are 

capable of rejecting most of the interference charac- 
teristic of all r-f waves. 

3. The comparable radiotelegraph transmitter is smaller 

and much simpler to operate. 

4, Within a given frequency band, many more radio- 

telegraph transmitters than radiotelephone trans- 
mitters may be operated without interference. 


AMPLITUDE-MODULATED RADIOTELEPHONE 
TRANSMITTER 


Amplitude modulation has been defined as the variations 
of the magnitude of the r-f output of a transmitter at an audio 
rate. In other words, the r-f energy increases and decreases 
in accordance with the energy delivered by the audio modu- 
lator. If the audio frequency is high, the radio frequency 
varies in amplitude more rapidly than if the audio frequency 
were low. If the audio note is loud in volume, the r-f energy 
is increased and decreased by a larger percentage than if the 
audio note were soft. Thus, the r-f variations correspond 
with the a-f variations. 

A microphone or a similar device is used to produce the 
electrical equivalent of the audio signal. The signal is then 
amplified by means of an a-f amplifier before it is fed to the 
modulator. Because of the importance of microphones in 
the communications chain a brief description of some of the 
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more common microphones, together with their character- 
istics, follows. 


Microphones 


A microphone is essentially an energy converter that 
changes acoustical (sound) energy into corresponding elec- 
trical energy. When one speaks into a microphone, the audio 
pressure waves strike the diaphragm of the microphone and 
cause it to move in and out in accordance with the instan- 
taneous pressure delivered to it. The diaphragm is attached 
to a device that causes current to flow in proportion to the 
instantaneous pressure applied to the diaphragm. Many 
devices can perform this function, each having characteristics 
that make its use advantageous under a given set of 
circumstances. 

Most microphones, with the exception of the carbon 
microphone, are relatively inefficient—that is, the output in 
electrical energy is considerably less than the input in 
acoustical energy. Some, however, are more efficient than 
others; and some have a better frequency response than 
others. The characteristics of microphones, therefore, will 
be discussed before the various types of microphones are 
discussed. Microphones are rated according to their (1) 
frequency response, (2) impedance, and (3) sensitivity. 

FREQUENCY RESPONSE.—For good quality, the electrical 
waves froma microphone must correspond closely in magni- 
tude and frequency to the sound waves that cause them, so 
that no new frequencies are introduced. The frequency 
range of the microphone (that range of frequencies over which 
the microphone is capable of responding) must be no wider 
than the desired over-all response limits of the system with 
which it is to be used. The microphone response should be 
uniform, or flat, within its frequency range and free from 
sharp peaks or dips such as those caused by mechanical 
resonances. To aid in attaining this condition, some form of 
damping may be employed. 

ImpEDANCE.—Crystal microphones have impedances of 
several hundred thousand ohms; whereas magnetic and 
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dynamic microphones have impedances that range from 20 
to 600 ohms. The impedance of a microphone is usually 
measured between its terminals when some arbitrary 
frequency in the useful audio range—for example, 1,000 
cycles—is used. 

The impedance of magnetic and dynamic microphones 
varies with frequency in much the same manner as that of 
any coil or inductance—that is, the impedance rises with 
increasing frequency. The actual impedance of a micro- 
phone is of importance chiefly as it is related to the load 
impedance into which the microphone is designed to operate. 
If the load has a high impedance, the microphone should have 
a high impedance, and vice versa. Of course, impedance- 
matching devices may be used between the microphone and 
its load. 

A long transmission line between the microphone and the 
amplifier input tends to seriously attenuate the high fre- 
quencies, especially if the impedance of the microphone is 
high. This action results from the increased capacitive effect 
of the line at the higher frequencies. If the microphone has 
a high impedance the high-frequency currents drawn through 
the inherent capacity of the line cause an increased voltage 
loss within the microphone, and therefore less voltage is 
available at the load. Because the voltage generated by the 
microphone is very minute, all losses in the microphone and 
the line must be kept toa minimum. At the lower frequen- 
cies the capacitive effect is less and the losses are correspond- 
ingly less. If the microphone has a low impedance a corre- 
spondingly lower voltage drop will occur in the microphone 
and more voltage will be available at the load. 

Because many microphone lines aboard ship are long, it is 
necessary to use low-impedance microphones in order to 
preserve a satisfactory signal voltage level over the required 
audio band at the input grid of the amplifier. 

Sensitiviry.—The sensitivity or efficiency of a microphone 
is usually expressed in terms of the electrical power level 
which the microphone delivers to a terminating load (the 
impedance of which is equal to the rated impedance of the 
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microphone) compared to the acoustical intensity level or 
pressure of the sound energy that is being picked up. Because 
sound energy at the input is being compared with electrical 
energy at the output, some basis of comparison must be 
established. 

One method is to assume that a microphone has a sensi- 
tivity of 0 db (the level of comparison) if a force of 1 dyne 
per square centimeter on the diaphragm produces an output 
of 1 volt on open circuit. The pressure of 1 dyne per square 
centimeter was chosen because that is the approximate pres- 
sure produced by normal speech on the diaphragm of a 
microphone held a few inches from the mouth. The usual 
method, however, is to assume that the 0 db level represents 
an input of 1 dyne per square centimeter (as in the first 
method) and an output of 1 milliwatt. If it is further 
assumed that the milliwatt is developed in 600 ohms, then 
dbm or volume units (vu) may be used. Decibels and the 
various power-level units are given in chapter 6; a power- 
level chart is shown in figure 6-11. 

Suppose a microphone is rated at —80 db. This rating 
means that the energy output is much less than the energy 
input. Actually, the output is 10~* milliwatt for an equiva- 
lent input of 1 milliwatt, and this is equivalent to —80 db. 
This rating may be demonstrated by the use of equation 6-4 
in chapter 6— 


db=10 logue p! 
1 


(10)* 
1 





db=10 logio =—80 db. 

It is important to have the sensitivity of the microphone 
as high as possible. High sensitivity means a high electrical 
power output level for a given input sound level. High 
microphone output levels require less gain in the amplifiers 
used with them end thus provide a greater margin over 
thermal noise, amplifier hum, and noise pick-up in the line 
between the microphone and the amplifier. 
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‘When a microphone must be used in a noisy location, an 
additional desirable characteristic is the ability of the micro- 
phone to favor sounds coming from a nearby source over 
random sounds coming from a relatively greater distance. 
Microphones of this type tend to cancel out random sounds 
and to pick up only those sounds originating a short distance 
away. When talking into this type of microphone the lips 
must be held as close as possible to the diaphragm. Direc- 
ticnal characteristics also aid in discriminating against 
background noise. 

CARBON MICROPHONE.—The carbon microphone is the 
most common type of microphone. It operates on the 
principle that a change in sound pressure on a diaphragm 
that is coupled to a small volume of carbon granules will 
cause a corresponding change in the electrical resistance of 
the granules, 

The single-button carbon microphone (fig. 9-18, A) con- 
sists of a diaphragm mounted against carbon granules that 
are contained in asmall cup. In order to produce an output 
voltage, this microphone is connected in a series circuit 
containing a battery and the primary of a microphone trans- 

former. The pressure of the sound waves on the diaphragm, 
which is coupled to the carbon granules, causes the resistance 
of the granules to vary. Thus a varying direct current in 
the primary produces an alternating voltage in the secondary 
of the transformer. This voltage has essentially the same 
waveform as that of the sound waves striking the diaphragm. 
The current through a carbon microphone may be as great 
as 0.1 ampere, and the resistance may vary from about 50 
to 90 ohms. The voltage developed across the secondary 
depends upon the turns ratio and also upon the rate of 
change in primary current. Normal output voltage of a 
typical circuit is from 3 to 10 volts peak across the secondary 
terminals. 

The double-button carbon microphone is shown sche- 
matically in figure 9-18, B. Here one button is positioned 
on each side of the diaphragm so that an increase in pressure 
and resistance on one side is accompanied simultaneously by 
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Figure 9-18.—Schematic diagram of carbon microphones. 


a decrease in pressure and resistance on the other. Each 
button is in series with the battery and one half the trans- 
former primary. The decreasing current in one half of the 
primary and the increasing current in the other half produce 
an output voltage in the secondary that is proportional to 
the sum of the primary signal components. This action is 
similar to that of push-pull amplifiers (chapter 6). 

Commercial types of carbon microphones give essentially 
faithful reproduction from 60 to 6,000 cycles, and their out- 
put is of the order of —50 db. 

The carbon microphone has the disadvantage of requiring 
an external voltage source; it may be noisy; and unless the 
necessary precautions are taken in the design the microphone 
tends to peak up (have mechanical resonance) at certain 
frequencies. 

DyNAMic MICROPHONE.—The dynamic, or moving-coil, 
microphone (fig. 9-19) consists of a coil of wire attached to 
a diaphragm and is so constructed that the coil is suspended 
and free to move in a radial magnetic field. Sound waves 
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Figure 9-19.—Action of a dynamic microphone. 
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impinging on the diaphragm cause the diaphragm to vibrate. 
This vibration moves the voice coil through the magnetic 
field so that the turns cut the lines of force in the field. This 
action generates a voltage in the coil that has the same 
waveform as the sound waves striking the diaphragm. 

The dynamic microphone requires no external voltage 
source, has good fidelity (approx. 20 to 9,000 cycles with 
proper damping), is directional for high-frequency sounds. 
and has an output of the order of —85 db. The impedance of 
the dynamic microphone is low (50 ohms or less). Therefore, 
it may be connected to relatively long transmission lines 
without excessive attenuation of the high frequencies. 

CRYSTAL MICROPHONE.—The crystal microphone utilizes 
a property of certain crystals—such as quartz and Rochelle 
salt—known as the PIEZOELECTRIC EFFECT, treated in 
chapter 7. The bending of the crystal, resulting from the 
pressure of the sound wave, produces an emf across the faces 
of the crystal. This emf is applied to the input of an amplifier. 

The crystal microphone (fig. 9-20) consists of a diaphragm 
that may be cemented directly on one surface of the crystal 
(fig. 9-20, A), or in some cases it may be connected to the 
crystal element through a coupling member (fig. 9-20, B). 
A metal plate, or electrode, is attached to the other surface 
of the crystal. When sound waves strike the diaphragm, the 
vibrations of the diaphragm produce a varying pressure on 
the surface of the crystal, and therefore an emf is induced 
across the electrodes. This emf has essentially the same 
waveform as that of the sound waves striking the diaphragm. 

Rochelle salt is most commonly used in crystal micro- 
phones because of its relatively high voltage output. Sche- 
matic diagrams showing how crystal microphones function 
are given in figure 9-20. 

Actually, a large percentage of crystal microphones employ 
some form of the bimorph cell. In this type of cell two crys- 
tals, so cut and oriented that their voltages will be additive in 
the output, are cemented together and used in place of the 
single crystal. 
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Figure 9-20.—Schematic diagrams of crystal microphones. 


This type of microphone has high impedance (several 
hundred thousand ohms), is light in weight, requires no 
battery, is nondirectional, has good frequency response (up 
to 17,000 eps for the directly actuated type and between 80 
to 6,000 cps for the diaphragm type), and has an output of 
the order of —70 db. However, the crystal microphone is 
sensitive to high termperature, humidity, and rough handling 
and therefore its use is restricted where these conditions pre- 
vail. Nevertheless, it is used extensively in broadcast work 
where its relatively high output is an advantage. 

MAGNETIC MICROPHONE.—The magnetic, or moving- 
armature, microphone (fig. 9-21) consists of a permanent 
magnet and a coil of wire enclosing a small armature. Sound 
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Figure 9-21.—Action of a magnetic microphone. 


waves impinging on the diaphragm cause the diaphragm to 
vibrate. This vibration is transmitted through the drive 
rod to the armature, which vibrates in a magnetic field, thus 
changing the magnetic flux through the armature and con- 
sequently through the coil. 

When the armature is in its normal position midway 
between the two poles, the magnetic flux is established across 
the air gap, and there is no resultant flux in the armature. 

When a compression wave strikes the diaphragm, the arma- 
ture is deflected to the right. Although a considerable 
amount of the flux continues to move in the direction of the 
arrows, some of it now flows from the north pole of the mag- 
net across the reduced gap at the upper right, down through 
the armature, and around to the south pole of the magnet. 
The amount of flux flowing down the left-hand pole piece is 
reduced by this amount. 
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When a rarefaction wave strikes the diaphragm, the 
armature is deflected to the left. Some of the flux is now 
directed from the north pole of the magnet, up through the 
armature, through the reduced gap at the upper left, and 
back to the south pole. The amount of flux now moving up 
through the right-hand pole piece is reduced by this amount. 

Thus, the vibrations of the diaphragm cause an alternating 
flux in the armature. The alternating flux cuts the stationary 
coil wound around the armature and induces an alternating 
voltage in the coil. This voltage has essentially the same 
waveform as that of the sound waves striking the diaphragm. 

The magnetic microphone is the type most widely used in 
shipboard announcing and communicating systems because 
it is more resistant to vibration, shock, and rough handling 
than other types of microphones. 

There are other types of microphones, such as the ribbon 
velocity microphone and the capacitor microphone, that are 
treated in the rating texts. All of the foregoing microphones 
may be used for radiotelephone broadcast, but the circum- 
stances usually limit the choice to one or two types. 


Circuits of an A-M Radiotelephone Transmitter 


The block diagram of a simple a-m radiotelephone trans- 
mitter is shown in figure 9-22. The oscillator, buffer stage, 






SPEECH 
AMPLIFIER 






Figure 9-22.—Block diagram of an a-m radiotelephone transmitter. 
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and power amplifier closely resemble the c-w transmitter. 

In figure 9-17 the c-w transmitter is keyed by opening and 
closing the cathode circuit of oscillator V1, which turns the 
r-f output of V2 and V3 off and on. If it is desired to vary 
the output of the transmitter instead of merely turning it off 
and on, the voltage on one of the elements of the final r-f 
power-amplifier tube, V3, may be varied. For example, if 
the plate voltage of V3 were varied at the audio-frequency 
rate, the output of the amplifier, and hence of the trans- 
mitter, would be varied at the same rate. This method, 
known as PLATE MODULATION, is used in the following example 
and is the most popular type of amplitude modulation. 
Plate modulation is discussed in greater detail in chapter 8. 

In order to vary the plate voltage of the final r-f amplifier 
it is necessary first to produce an audio voltage. An audio 
voltage may be produced with a microphone. The output 
of a microphone is, however, very low (usually less than 1 
volt), while the plate voltage of the r-f amplifier is quite 
high. The insertion of a small audio voltage in series with 
a high plate voltage would result in only a small variation 
of the plate voltage. 

It is necessary, therefore, to amplify the electrical output 
of the microphone before it is applied in series with the plate 
cf the final r-f power amplifier. This amplification is ac- 
oomplished in three units of the block diagram of figure 
9-22. These units are the speech amplifier, the driver, and 
the modulator. The output of the microphone is fed to the 
grid of V1, a class-A voltage amplifier pentode (fig. 9-23), 
which is the input tube of a two-tube speech amplifier. The 
output of the speech amplifier supplies the driver unit (V3), 
which further amplifies the audio signal to drive the audio 
modulator tubes (V4 and V5). The output voltage of the 
modulator tubes is fed in series with the plate supply voltage 
of the final r-f power amplifier of the transmitter. The 
modulator can be any type of audio power amplifier capable 
of providing sufficient undistorted power. Thus, it may be 
a class-A, class-AB, or class-B amplifier. In this example it 
is a class-AB push-pull stage. 
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The power supply unit includes the necessary transformers. | 
rectifiers, and filters, to supply the filaments, plates, screens. 
and grid-bias voltages from a single-phase 117-volt 60-cycle 
source. 

The output of the modulator unit may be applied in series 
with the plate of the final r-f power amplifier (shown in fig. 
9-17 below M5). 

In the absence of a modulating signal, a continuous rf ; 
wave is radiated by the antenna. Assume that an audio 
voltage of sine waveform is applied across R1 to the grid of 
Vi. The amplified signal appears across plate resistor R4 
and is coupled to the grid of V2A through C4. The amplified 
signal is applied to the grid of driver V3A through C6, and 
a part of it is applied to the phase-inverter stage, V2B, by 
means of the tap on 210. The amplified signal from V2B 
is simultaneously applied via C8 to the grid of V3B in oppo- 
site phase to that applied to the grid of V3A. The driver 
stage (V3A and V3B) provides excitation for the grids of 
modulator tubes V4 and V5 through impedance-matching 
transformer 71. 

The push-pull amplifier (V4 and V5) develops a relatively 
large audio output voltage across the secondary of modula- 
tion transformer 72 to amplitude-modulate the carrier out- 
put 100 percent. The following three relationships exist in 
the case of 100-percent modulation. 

1. The modulation is 100 percent when the peak value of 

the audio voltage across the secondary of transformer | 
T2 is approximately equal to the plate supply voltage { 
of V3 (fig. 9-17) that appears across resistor R9. The | 
degree of modulation depends on the volume of sound 
striking the microphone, which in turn determines the 
magnitude of the audio signal voltage developed across | 
Ri, the grid input to V1 (fig. 9-23). i 
2. The modulation is 100 percent when the energy supplied 
to the final r-f amplifier by modulation transformer T2 
is equal to one-half the r-f energy delivered to the final 
tank by the high-voltage power supply (75, V6, and V7 
in fig. 9-17). The mixing of the a-f voltage from 72 
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(fig. 9-23) with the r-f voltage developed across final 
tank coil Z7 (fig. 9-17) produces side-band frequencies 
(sum and difference frequencies) that are coupled into 
the antenna circuit by the mutual inductance existing 
between L7 and coupling coil L8 of the antenna. 

3. The modulation is 100 percent when the r-f energy 
delivered to the antenna (as a result of the injection of 
the a-f voltage from 72) is increased 50 percent above 
the amount delivered to the antenna when no audio 
signal is present. This condition represents an increase 
of 22.5 percent in the antenna current. Thus, the 
antenna r-f ammeter (not shown) may be used as a 
modulation indicator. 

In this example there are four frequencies present in the 
final tank (C15, C16, and L7 of fig. 9-17). These are (1) 
the crystal frequency, (2) the audio frequency, (3) the sum 
of these two frequencies, and (4) the difference between these 
two frequencies. All except the audio frequency are coupled 
into the antenna circuit. The audio frequency is so far 
removed from the carrier and its associated side bands that 
that the mutual inductive coupling bewteen L7 and Z8 for 
this frequecny is effectively zero. 

The details of adjustment and operation of both a-m and 
f-m transmitters are included in instruction books on these 
equipments, 


FREQUENCY-MODULATED RADIOTELEPHONE 
TRANSMITTER 


Intelligence may also be conveyed by varying the fre- 
quency of a continuous radio wave of constant amplitude. 
The carrier frequency can be varied a smal] amount on either 
side of its average, or assigned, value by means of the a-f 
modulating signal. The amount the carrier is varied de- 
pends on the magnitude of the modulating signal, and the 
frequency with which the carrier is varied depends on the 
frequency of the modulating signal. The amplitude of the 
r-f carrier remains constant with or without modulation. 
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A radio receiver that is sensitive only to variations in the 
frequency of the incoming carrier and that discriminates to a 
large extent against variations in amplitude is used to re- 
ceive the f-m signals. 

Consider a typical f-m transmitter that is included in the 
main station equipment of an assembly designed for 2-way 
communications on the v-h-f band. The assembly includes 
a 50-watt f-m narrow-band transmitter, an f-m receiver, a 
power supply, and the necessary accessories for 2-way com- 
munications in a fixed station. However, for the purpose of 
this chapter only the transmitter portion of the equipment 
will be considered. Details of the various methods of 
obtaining frequency modulation are included in chapter 8. 


Cirevit of an F-M Radiotelephone Transmitter 


The block diagram of a narrow-band f-m transmitter is 
shown in figure 9-24. All power from the unit is obtained 
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Figure 9-24.—Block diagram of a narrow-band f-m transmitter. 
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from a 115-volt 60-cycle source. The total drain is low 
enough so that the power may be taken from any convenient 
branch circuit outlet. 

Oscillations are produced in the crystal-oscillator stage, 
the output of which is fed to a phase-shift network that 
supplies the grid voltage of the modulator tubes. The phase 
of the output voltage of the modulator varies in accordance 
with the input signal from the microphone. The phase 
shift is equivalent to a relatively low deviation of the output 
signal frequency of the modulator stage. 
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The frequency of the output of the modulator stage is 
quadrupled in the first multiplier stage, again quadrupled 
in the second multiplier stage, and doubled in the last multi- 
plier the output of which drives the power-amplifier stage, 
which consists of two beam-power tubes in parallel. To 
obtain the final operating frequency, the crystal frequency 
is multiplied by 32. 

A schematic drawing of the narrow-band f-m transmitter, 
shown in the block diagram in figure 9-24 is shown in figure 
9-25. For convenience in making adjustments, a meter, 
M1, and meter switch, S1, are provided on the chassis to 
indicate the grid-circuit current of each stage. 

With the exception of the first, the position numbers on 
the meter switch correspond with the numbers on the tops 
of the r-f transformers. For example, r-f transformer 72 is 
tuned for maximum current through the meter when the 
meter switch is in position 2. The transmitter employs the 
phase-shift method of obtaining frequency deviations. This 
method is discussed in chapter 8. 

This transmitter exhibits characteristics that differ from 
those of the usual a-m type of transmitter. Intelligence is 
conveyed in the f-m transmitter by varying the frequency 
of the constant-amplitude carrier wave about an average 
assigned value. This process is in marked contrast with 
the amplitude-modulated transmitter previously described, 
in which intelligence is conveyed by varying the amplitude 
of the constant-frequency carrier wave. 

The phase-shift method of obtaining frequency deviations 
in this f-m transmitter permits direct crystal control of the 
average carrier frequency. Frequency multiplication after 
modulation is necessary in order to generate the required 
frequency deviation of +15 ke on either side of the carrier. 


Operation 


Crystal oscillator V1 is a pentode connected as a triode 
and operated as a conventional triode crystal oscillator. 
The crystal is of the low-drift A7-cut type and operates at 
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the 32nd subharmonic of the output frequency. The out- 
put-frequency range is from 30 to 40 megacycles, and thus 
the crystals that are used range in frequency from 937.5 ke 
to 1,250 kc. The crystal oscillator utilizes a resistance- 
coupled circuit so that no oscillator tuning is necessary when 
changing crystals. The crystal is connected between the 
grid and plate of V1, and R2 acts as the plate-circuit load. 

The control grids of the two balanced modulators, V2 and 
V3, are driven from the plate of the r-f oscillator through a 
phase-shifting network that displaces their associated r-f 
driving voltages by 90°. 

The plate currents of V2 and V3 are about 90° out of 
phase and equal in magnitude because the driving voltages 
from the oscillator are equal when there is no modulating 
signal on the number 4 grids of the tubes. The two plate 
currents add vectorially to produce a resultant current in 
T2 that is approximately 45° out of phase with each com- 
ponent. The output voltage of 72 varies in phase and 
magnitude with this resultant current. 

When a modulating signal is applied to grid number 4 of 
V2 and V3, the plate currents are varied about the average 
values they would have if no modulation were present. For 
example, as grid number 4 of V2 swings in a positive direction 
the plate current of V2 increases. Simultaneously the volt- 
age on grid number 4 of V3 swings in a negative direction, 
and the plate current of V3 decreases 

Because these two currents are 90° out of phase, the re- 
sultant current (their vector sum) changes its phase with 
respect to the components as the components change in mag- 
nitude. Thus the current in 72, and the output voltage of 
T2, change in phase with the modulating signal. This 
change in phase is equivalent to a limited change in frequency 
occurring during the time that the output voltage phase shift 
is occurring. 

The modulator grids of V2 and V3 are connected to the 
secondary of push-pull audio transformer 76. This trans- 
former is driven directly from the microphone. 

The modulator grids are fed through the frequency cor- 
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recting networks R10C7 and R5C5. These R-C combina- 
tions attenuate the a-f range (above 2,000 cycles) so that 
excessive frequency deviation is not obtained. Resistors R31 
and R32 are terminating resistors for the secondary of micro- 
phone transformer. 76. Cathode bias is obtained across R9 
and C8. R11 and R12 are screen voltage dropping resistors 
and C10 and C9 their respective screen bypass capacitors. 

The phase shift depends on the ratio of the signal strength 
of the carrier to the modulating signal strength. A ratio of 
2 to 1 is equivalent to about 0.5 radian, or 30°, phase shift. 
The frequency shift is equal to the product of the modulating 
frequency and the phase-shift angle in radians. 

FREQUENCY MULTIPLIERS.—The frequency deviation that 
may be produced by the balanced modulator stage, V2 and 
V3, is small—usually not more than half the modulating fre- 
quency, since the phase-shift angle is of the order of 0.5 
radian. To get sufficient deviation (+15 kc) the frequency 
of the modulated wave is multiplied by 32. As mentioned 
previously, this multiplication is accomplished by two quad- 
ruplers, V4 and V5, and a doubler, V6. All of these tubes 
act as class-C amplifiers with the plate tanks tuned to either 
the second or fourth harmonic of their respective grid signals. 
The grid drive in each case is such that plate current is well 
above saturation so that slight changes in tuning or reduction 
in tube emission have little effect on succeeding stages. All 
stages up to this point use receiving-type tubes working at 
relatively low plate and filament currents. 

Power AMPLIFIER.—The power amplifier utilizes two beam 
transmitting tubes, V7 and V8, in parallel as a class-C 
amplifier. Grid-leak bias is used; and, as in the previous 
stages, grid current is metered for alignment and testing. 
The plate tank and antenna circuit is of the pi-type for 
harmonic suppression and ease of adjustment. This circuit 
consists of plate tuning capacitor C31, tank coil Z7, and 
antenna loading capacitor C32. The output is fed through 
blocking capacitor C33 to antenna relay RL2. 
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10. 


11. 


12. 


13. 


14. 


15, 


16. 


17. 


18. 


19. 


20. 


QUIZ 


. For a given transmitter, why does c-w have a greater range than 


m-c-w or voice modulations? 


. Why is the very-low-frequency band not covered by shipboard 


transmitters? 


. What is an advantage of using the very-low-frequency band? 
. Which frequency band is used for radar? 
. What is a disadvantage of using crystal-controlled oscillators in 


Navy transmitters operating at the lower frequencies? 


. How is frequency drift eliminated in Navy transmitters? 
. What type of oscillator is commonly used in the lower frequency 


ranges? 


. Why are frequency multipliers commonly used with crystal 


controlled oscillators? 


. In the frequency doubler of figure 9-2, what is the relative mag- 


nitude of the capacitance of C2 compared with that of C1? 

How does the output of a frequency multiplier vary with the 
extent of frequency multiplication? 

What three important conditions must prevail in an amplifier in 
order to obtain frequency multiplication? 

In the class-C amplifier, why is energy supplied to the plate tank 
circuit with minimum plate losses? 

In which element of an electron-tube amplifier is grid current flow 
used to develop grid-leak bias? 

How does a loss of driving voltage endanger an electron-tube 
amplifier employing only grid-leak bias? 

How do most transmitter tubes compare with receiving tubes in 
relative size and weight? 

What action is prevented from occurring when an amplifier stage 
is properly neutralized? 

Why are power-amplifier tetrodes and pentodes less efficient than 
triodes? 

What is the term applied to certain undesirable secondary oscilla- 
tions, occurring in an oscillator or amplifier, that are not the same 
as the fundamental or any of its harmonics? 

How may high-frequency parasitic oscillations be reduced in a 
transmitter? 

What type of keying affords complete cutoff of plate current when 
the key is up. 
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21. 


22. 
23. 


24. 
25. 
26. 


27. 


31. 


32. 
33. 
34. 


35. 


In figure 9-17, why is S2 arranged so that it can be energized only 
after S1 is closed? E 

What are the effects of not properly tuning a transmitter r-f stage? 
What is the effect of a gassy tube on the plate and grid current of 
an amplifier stage? 

Name four advantages of c-w transmission over radiotelephony. 
What is the relative efficiency of all microphones? 

Name two desirable qualities that a microphone should have if the 
frequency response is to be satisfactory? 


Why should low-impedance microphones be used with long trans- 
mission lines? 


. What are the usual input and output zero-db reference levels of 


microphones? 
What is the advantage of using a microphone of high sensitivity? 


. What are the disadvantages of using a carbon microphone? 


Why may dynamic microphones be used with long transmission 
lines? 

What are the disadvantages of a crystal microphone? 

What desirable characteristics do magnetic microphones have? 

In an a-m radiotelephone transmitter, how is the audio component 
blocked from the antenna? 

Why is frequency multiplication necessary in the f-m transmitter 
shown in figure 9-25? 
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CHAPTER 


TRANSMISSION LINES 
INTRODUCTION 


The transmission line (or antenna feedline, as it is assumed 
to be in this chapter) conducts or guides electrical energy 
from the input, or transmitter, end of the line to the output, 
or antenna, end of the line. If this function is to be per- 
formed with a minimum of loss, such factors as impedance 
matching and line losses must be considered. 

Transmission lines may be classified as resonant or non- 
resonant lines, each of which may have advantages over 
the other under a given set of circumstances. There are 
various types of transmission lines such as the parallel two- 
wire line, the twisted pair, the coaxial line, and waveguides. 
The use of a particular type is dependent on the frequency, 
the voltage, the amount of power, the efficiency required, 
or the kind of installation to be used. 

Resonant lines may have important uses other than the 
transmission of power. Among other uses, they may be 
employed as impedance-matching devices, phase shifters 
and inverters, wave filters and chokes, and oscillator fre- 
quency controls. 

Of primary importance in the study and application of 
transmission lines is the characteristic impedance of the 
line. 
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CHARACTERISTIC IMPEDANCE OF A TRANSMISSION 
LINE 


In circuits that contain inductors and capacitors, the 
inductance and capacitance are present in definite ‘“lumps.’’ 
In an r-f transmission line, however, these quantities are 
distributed throughout the entire line and cannot be sepa- 
rated from each other. 

The CHARACTERISTIC IMPEDANCE (or SURGE IMPEDANCE) 
of a transmission line having infinite length is the impedance 
in ohms at the operating frequency, presented by the line 
to the source feeding the line. This impedance across the 
input of a theoretically infinite line has a very valuable use. 
If a load equal to this impedance is connected to the output 
end of the line, regardless of the length of the line, the im- 
pedance presented to the source by the input terminals of 
the line is still equal to the characteristic impedance of the 
transmission line. Only one value of impedance for any 
particular type and size of line acts in this way. 

A section of two-wire transmission line of unit length has 
a certain amount of resistance (no material is a perfect con- 
ductor) that varies directly with the length and inversely 
with the cross section of the conductor. 

The same section of line has the property of distributed 
inductance. This property exists because of magnetic flux 
linkages which are established within the section when cur- 
rent flows. For example, an open line composed of two 
No. 12 conductors spaced 6 inches apart has an inductance 
of approximately 0.6 microhenry per foot. 

This section of line also has the property of capacitance 
because the two wires, separated by a dielectric, act as the 
two plates of a capacitor. The capacitance of the two-wire 
line in the previous example is approximately 1.7 micro- 
microfarads per foot. 

Finally, the transmission line of unit length has leakage 
resistance in the path through the insulating material that 
separates the two conductors (no substance is a perfect 
insulator). For convenience in working out problems deal- 
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ing with longer lines, this property usually is expressed as 
the reciprocal of the leakage resistance, which is conductance. 
‘The conductance is of the order of a few micromicromhos 
per foot. 

Resistances R1 and R2, inductances L1 and L2, capaci- 
tance C, and conductance G of a unit length of two-wire 
transmission line are shown in figure 10-1, A. In many 
cases the effect of conductance @ is very small compared 
with that produced by the inductance and capacitance and 
may therefore be neglected. Conductance @ and resist- 
ances f1 and R2 in figure 10-1, B, are omitted and L1 and L2 
are treated as if they were in one side of the transmission line. 

In any circuit such as the one shown in figure 10-1, some 
current will flow if a voltage is applied across terminals A 
and B. The ratio of the voltage to the current is the im- 
pedance, Z—that is 

E 


2=7 


The impedance presented to the input terminals of a trans- 
mission line is much more than the simple resistance of the 
wires in series with the impedance of the load. The effects 
of series inductance and shunt capacitance distributed along 
the line are appreciable at the relatively high operating fre- 
quency and constitute the principal components of the 
equivalent network. 

The formula for the characteristic impedance as a func- 
tion of the Z and C of a unit length of transmission line may 
be determined from the simplified equivalent T-network 
circuit shown in figure 10-1, B. The conductor resistance 
and the insulation leakage conductance are low and con- 
sidered negligible, hence are not shown in the figure. The 
distributed inductance of the line is divided equally in two 
parts in horizontal arms of the T. The distributed capaci- 
tance of the line is lumped in one value in the central leg of 
the T. The line is terminated in a resistive load having a 
value equal to that of the characteristic impedance of the 
line as seen looking into the T-network terminals, A and B. 
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L2 R2 
G= CONDUCTANCE BETWEEN WIRES 
LI=INDUCTANCE OF TOP WIRE 

L2=INDUCTANCE OF BOTTOM WIRE 
C= CAPACITANCE BETWEEN WIRES 
RI= RESISTANCE OF TOP WIRE 

R2=RESISTANCE OF BOTTOM WIRE 


EQUIVALENT CIRCUIT OF A SECTION OF TWO-WIRE 
TRANSMISSION LINE OF UNIT LENGTH 
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Zp = CHARACTERISTIC IMPEDANCE OF LINE 
71 = TOTAL INDUCTIVE REACTANCE OF LINE= 27FfL 


22 = TOTAL CAPACITIVE REACTANCE OF LINE= + 


(THE CONDUCTANCE AND RESISTANCES ARE 
NEGLECTED, AND THE TOTAL INDUCTANCE IS 
DIVIDED INTO TWO PARTS AND SHOWN IN ONE 
SIDE OF THE LINE.) 












SIMPLIFIED EQUIVALENT CIRCUIT TERMINATED 
IN ITS CHARACTERISTIC IMPEDANCE. 










Figure 10—1.—Equivalent circuits of a two-wire transmission line of unit length. 
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The impedance, Z,, looking into the T-network terminals, 





AB, is. 
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22,2, 


If both sides of this equation are multiplied by the de- 
nominator of the right-hand side, the result is 


aes 


Islet thes 22 $m ZyFyt A 4 Zip 4 22,2, 


and this equation simplified becomes 
2 
22,3224, 


or 
=20.+(2)- 


If the transmission line is to be accurately represented 
by an equivalent network, the T-network section of figure 
10-1, B, must be replaced with an infinite number of similar 
sections. Thus, the distributed inductance of the line will 
be divided into n sections, instead of 2 as indicated in the 
last term of the preceding formula. As the number of sec- 
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tions approaches infinity, the last term, (2) will approach 


zero as 8 limit—that is, asn>o, (2). Therefore, 
Z=VAZ; ; 
_ /[2xfL 
=3%, 


'L 
L=VG 


and 


The last formula indicates that the characteristic imped- 
ance depends on the distributed inductance and capacitance 
of the line. An increase in the separation of the wires in- 
creases the inductance and decreases the capacitance. This 
effect takes place because the effective inductance is pro- 
portional to the flux which may be established between the 
wires. If the two wires carrying current in opposite direc- 
tions are placed farther apart, more magnetic flux is included 
between them (they cannot cancel their magnetic effects as 
completely as they could if the wires were closer together) 
and the distributed inductance is increased. The capacitance 
is of course lowered if the plates of the capacitor (in this case 
the plates are the two wires) are more widely separated. 

Thus, the effect of increasing the spacing of the wires is 


to increase the characteristic impedance, because the z 


ratio is increased. Similarly, a reduction in the diameter of 
the wires also increases the characteristic impedance. The 
reduction in the size of the wire affects the capacitance more 
than the inductance, for the effect is equivalent to decreasing 
the size of the plates in a capacitor in order to decrease the 
capacitance. Any change in the dielectric material between 
the two wires also changes the characteristic impedance. 
Thus, if a change in dielectric material increases the capaci- 
tance between the wires, the characteristic impedance is 
reduced. 
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The characteristic impedance of a two-wire line with air 
as the dielectric may be obtained from the formula 


Z,=276 logio 5 


where 6 is the spacing between the centers of the conductors 
and a is the radius of one of the conductors. 

The characteristic impedance of a concentric, or coaxial, 
line also varies with L and C. However, because the differ- 
ence in construction of the two lines causes L and C to vary 
in a slightly different manner, the following formula must be 
used in determining the characteristic impedance of the 
concentric line: 


Z,=138 logio 5, 


where 6 is the inner diameter of the outer conductor and a is 
the diameter (or the outer diameter, if a hollow tube is used) 
of the inner conductor. 


WAVE MOTION ON AN INFINITE LINE 


Figure 10-2 shows sine waves of voltage and current that 
travel at high speed along a two-wire transmission line of 
infinite length. Because this is a line of infinite length, no 
reflections occur; therefore, the voltage and the current 
are in phase with each other everywhere along the line. 
Because of line losses, the curves diminish in amplitude as 
the waves progress along the line. If a voltage is impressed 
on a line such as this, an electric field will be established 
between the wires. Likewise, current will flow in the wires, 
and a magnetic field will be established around each wire. 
These two fields constitute an electromagnetic wave that 
travels down the wire at a velocity somewhat less than 
that of light. 

Figure 10-2 illustrates what would happen if the voltage 
and current could be stopped for an instant in time. An 
instant later all waves would have moved to the right a 
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Figure 10-2.—Traveling waves of current and voltage on a line of infinite 


length. 


slight amount. In this figure the waves are stopped at the 
instant when the alternating source voltage has just reached 
zero. 

Traveling waves exist on the line because it takes a certain 
amount of time to propagate them down the line. The 
production of these waves may be better understood from 
the following considerations. First of all, it must be under- 
stood that the waveforms shown in figure 10-2 are ‘‘stopped”’ 
for an instant in time and the observer examines the entire 
train of waves along the line. Assume that at a given in- 
stant the voltage at the generator terminals is zero. An 
instant later one terminal becomes more positive and the 
other becomes more negative. The electric field between 
the wires increases in strength; the current and also the mag- 
netic field increase proportionately. The perpendicular 
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distance from any point along the wire to the current curve 
(fig. 10-2) indicates the relative magnitude and direction of 
the current at that point. The perpendicular distance from 
any point along the voltage axis to the voltage curve rep- 
resents the relative magnitude and polarity of the voltage 
across the line at the corresponding location. 

At 90° in the electrical cycle the electric and magnetic 
field are at their maximum, and from 90° to 180° they de- 
crease in amplitude to zero. At 180° the voltage at the 
generator terminals reverses polarity, and the electric field 
between the wires reverses direction. Similarly, the current 
reverses direction, and this causes the magnetit field to re- 
verse direction. The fields increase in strength from 180° 
to 270°, and then decrease in strength to zero at 360°. 
These electric and magnetic impulses do not return to the 
generator once they start down a line of infinite length. 

The characteristics of a theoretically infinite line may be 
summarized as follows: 

1. The voltage and current are in phase throughout the 

line. 

2. The ratio of the voltage to the current is constant over 
the entire line and is known as the CHARACTERISTIC 
IMPEDANCE. 

3. The input impedance is equal to the characteristic 
impedance. 

4. Since the voltage and current are in phase, the line 
operates at maximum efficiency. 

5. Any length of line can be made to appear like an 
infinite line if it is terminated in its characteristic 
impedance. 


LINE REFLECTIONS 


If a transmission line is infinitely long, or if it is terminated 
in its characteristic impedance, reflections do not occur. 
However, if there is an abrupt discontinuity in the line (such 
as an open circuit or a short circuit) complete reflection will 
occur. A discontinuity of less importance (such as a poorly 
made splice) will cause some reflection, the amount of re- 
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flection depending on the value of the resistance at the splice. 
In this section, the discussion of reflection will be limited to 
the two extreme conditions—that is, to open- and closed-end 
lines. 


Open-End Lines 


One type of r-f transmission line is the open-end line, in 
which the impedance at the output end can be considered as 
practically infinite because no load is attached. When 
energy is applied to the generator end, the first surge con- 
sists of a wave of current and a wave of voltage that sweep 
down the line in phase with each other—that is, their posi- 
tive maxima are together. The initial current and voltage 
waves must travel down the line in phase because the char- 
acteristics of the line are the same as those of a line that is 
truly infinite WHILE THE INITIAL WAVE IS TRAVELING TOWARD 
THE OUTPUT END. The in-phase condition of these waves 
can be changed only when they encounter a difference in 
the impedance between the two wires of the line, and re- 
flections occur. Thus, when the wave of current reaches 
the open-circuited output end (terminal point) of the line 
the current must collapse to zero. When the current wave 
collapses, the magnetic field that was set up by it also col- 
lapses, The collapsing magnetic field cuts the conductors 
near the output end and induces additional voltage across 
the line. This voltage acts, in a way, like a reverse generator 
and sets up new current and voltage waves that travel back 
along the line toward the input end. 

An open-end transmission line one wavelength long and 
having no attenuation is shown in figure 10-3, A. It should 
be pointed out that all of the waveforms shown are instan- 
taneous values that exist along a transmission line. These 
curves are unlike conventional sine curves in which distance 
along the X axis represents lapse in time from the origin, 
proceeding to the right. Instead, these curves represent in- 
stantaneous values of current or voltage as they exist all 
along the line for the same instant of time. 

Although only four positions of the generator voltage 
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Figure 10-3.—Formation of standing waves on an open-end transmission line 
one wavelength long. 
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vector are shown, the picture could be made more complete 
by showing the waveforms at 45° intervals. At intervals of 
45° between the generator positions shown—for example, at 
45°, 135°, 225°, and 315°—the instantaneous values of the 
resultants will be 0.707 of their maximum values. The line 
is represented twice (fig. 10-3, A) in order to orient it prop- 
erly with respect to the waves of voltage and current. These 
waves are shown separately (fig. 10-3, B and C) in order to 
simplify the analysis, although in reality they both appear 
simultaneously along the same transmission line. 

VOLTAGE STANDING WAVES.—It is assumed that in part @ 
of figure 10-3, B, the generator voltage vector has gone 
through at least two complete revolutions so that the voltage 
wave has had time to travel down the line and return to the 
generator end. The waveforms are stopped in time in this 
figure at the instant that the generator voltage vector is at 
the zero position. 

It may be observed that the initial voltage wave is reflected 
at the output end of the line in phase with the voltage wave 
that would have continued along the line in the original 
direction of travel if the line had been longer. For example, 
the dotted waveform extending slightly beyond the end of the 
line in part @ indicates that the incident wave would have 
started going negative. Therefore, the reflected wave will 
start back in a negative direction. At the instant in time 
being considered here the incident and reflected wave add 
vectorially to give a zero resultant wave. 

Ninety degrees later (part @ of fig. 10-3, B) the incident 
and reflected waves are in phase and add vectorially to give 
the resultant voltage wave, as shown. At 180° (part @), 
the resultant voltage is again zero; and at 270° (part @), 
the incident and reflected waves are once again in phase, and 
the resultant voltage wave is shown 180° out of phase with 
the resultant wave in part @. 

Next, consider the voltage variations across the line 
that occur with respect to time at certain locations along 
the line. At point a, the voltage is zero (part @), then 
maximum in one direction (part @), then zero again (part 
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@®), and finally maximum in the other direction (part @). 
‘This is true also at points c and e; at points b and d the volt- 
age is always zero. A suitable voltage-indicating device 
(to be discussed later in the chapter) located at a, c, or e will 
indicate voltage loops (points of maximum voltage); and at 
6 and d the device will indicate voltage nodes (points of 
minimum voltage). 

Standing waves of voltage are shown in part © of figure 
10-3, B. This curve represents effective values of voltage at 
the various points along the line. These values are actually 
the effective values of the sinusoidal voltage variations oc- 
curring across the line at the points where the measurements 
are being made. Thus, at point c the voltage will be zero at 
one instant of time (part @), then it will build up to a 
maximum with one polarity (part @), then it will become 
zero (part @), and finally it will build up to a maximum 
with the opposite polarity (part @). 

CURRENT STANDING WAVES.—Standing waves of current 
are shown in figure 10-3, C. They are occurring simulta- 
neously with the voltage waves on the transmission line, but 
they are shown here separately in order to simplify the figure. 
The initial current wave is reflected at the output end of the 
line 180° out of phase with the current wave that would 
have continued along the line in the original direction of 
travel if the line had been extended. (See dotted-line ex- 
tensions.) In other words, the reflected current reverses 
direction at the open end of the line and is shown 180° out 
of phase with the incident wave except when the incident 
and reflected waves have zero values at the end of the line 
(0°, 180°, and so forth). This reversal is opposite to the 
condition for voltage, because the reflected voltage wave 
has the same polarity that the incident wave would have 
if it continued down the extended line in the direction of 
travel. (See dotted-line extensions.) 

Because the incident and reflected current waves are 180° 
out of phase at the open end of the line, they cancel at this 
point and the resultant current at the open end is always 
zero. The rotating vectors at the left of the figures indicate 
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the generation of sine waves of both voltage and current. 


At 6} the incident and reflected current waveforms combine , 


to produce a current loop (maximum current); the same is 
also true at pointd. Ata, c, and e¢ the incident and reflected 
waveforms combine to produce current nodes (points of 
zero current). 

In part ©@ of figure 10-3, C, the current vector has rotated 
90°. Combining the incident and reflected waves at this 
instant gives a resultant current waveform that has an 
amplitude of zero throughout the entire length of the line. 
In part @® of the figure the current vector has completed 
180° of its cycle. Again combining the incident and reflected 
waves at this instant gives a resultant current that has a 
maximum amplitude at points b and d although the direction 
of the current is opposite to that in part @ at these points. 
In part @ the resultant current is again zero all along the 
line. 

Part © of figure 10-3, C, is a plot of the EFFECTIVE values 
of current at the various points along the line. These cur- 
rent values are actually the effective values of the resultant 
current variations through the cycle at the respective points 
where the measurements are made. For example, at point 
6 the current is maximum in one direction at one instant of 
time (part @), then it becomes zero (part @), then it builds 
up to a maximum in the opposite direction (part ®), and 
finally returns to zero (part @). The effective value of this 
current variation is plotted at 6 in part ©. 


Closed-End Lines 


In a closed-end line the voltage and current waveforms 
exchange places with respect to their locations in an open-end 
line. Thus, in figure 10-3, A, if the line is closed at the end, 
part B becomes current standing waves and part C becomes 
voltage standing waves. At the short-circuited end of the 
line (point e), the current varies from zero to a maximum in 
one direction and back to zero and a maximum in the other 
direction. The effective value of the current will therefore 
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be a maximum at point e (a current loop). The voltage 
(= IR) across the short circuit approaches zero because the 
resistance of the short circuit is negligible. 


At x and > wavelengths from the shorted end, the effective 
current is a minimum at all times and the effective voltage is 
@ maximum. At s and \ wavelengths from the shorted end, 


the effective value of the current is a maximum and the 
effective voltage is zero. The curves representing the 
variation of effective current and voltage along a shorted line 
are shown in figure 10-4. 


CURRENT 







VOLTAGE 


SHORT CIRCUIT 


Figure 10-4.—Conventional picture of current and voltage standing waves 
on a closed-end line. 


NONRESONANT LINES 


A nonresonant line can be defined as a line that has no 
standing waves of current and voltage. Such a line is 
either infinitely long or is terminated in its characteristic 
impedance. Because there are no reflections, all of the 
energy passed along the line is absorbed by the load. The 
voltage and current waves are traveling waves that move in 
phase with each other from the source to the load. 

On lines carrying radio frequencies, the characteristic 
impedance is almost always pure resistance. Therefore, it 
is customary to say that a nonresonant line is terminated in 
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a resistive load equal to the characteristic impedance 01 the 
nonresonant line. 


RESONANT LINES 


A resonant transmission line is one that has standing waves 
of current and voltage. The line is of finite length and is 
Not terminated in its characteristic impedance, and therefore 
reflections are present. 

A resonant line, like a tuned circuit, is resonant at some 
particular frequency. The resonant line will present to its 
source of energy a high or a low resistive impedance at 
multiples of a quarter-wavelength. Whether the impedance 
is high or low at these points depends on whether the line is 
short- or open-circuited at the output end. At points that 
are not exact multiples of a quarter-wavelength, the line 
acts as a capacitor or an inductor. 

A resonant transmission line thus may assume many of the 
characteristics of a resonant circuit that is composed of 
lumped inductance and capacitance. The more important 
circuit effects that resonant transmission lines have in 
common with resonant circuits having lumped inductance 
and capacitance are as follows: 

1. Serres RESONANCE—Resonant rise of voltage across 
the reactive circuit elements, and low impedance across 
the resonant circuit. 

2. PARALLEL RESONANCE—Resonant rise of current in the 
reactive circuit elements, and high impedance across 
the resonant circuit. 


Resonance in Open-End Lines 


The open-end resonant line may be better understood by 
means of an analysis of figure 10-5. The transmission lines 
considered in this figure and in the next have no losses. If 
losses are present (and they are in a practical line), the 
voltage at voltage nodes is not zero; neither is the current zero 
at current nodes. However, in these figures losses are neg- 
lected in order to simplify the analysis. Figure 10-5 
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Figure 10-5.—Impedance characteristics of open-end resonant lines. 
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illustrates the relation of voltage, current, and impedance for 
various lengths of open-end transmission lines. The imped- 
ance that the generator “sees” at various distances from the 
output end is shown directly above in the impedance curves. 
The curves above the letters (R, Xz, X¢) of various heights 
indicate the relative magnitudes of the impedances presented 
to the generator for the various lengths of lines indicated. 
The letters themselves indicate the type of impedance offered 
at the corresponding inputs. The circuit symbols above the 
various transmission lines indicate the equivalent electrical 
circuits for the transmission line at that particular length 
(measured from the output end). The curves of effective 


E and J whose ratio, z , is the impedance, Z, are shown above 


each line. 

At all opp quarter-wavelength points (} a, a ete.) 
measured from the OPEN END of the line, the current is a 
maximum and the impedance is a minimum. In addition, 
there is a resonant rise of voltage from the odd quarter- 
wavelength points toward the open end. Thus at all odd 
quarter-wavelength points the open-end transmission line 
acts like a series resonant circuit. The impendance is 
therefore very low and is prevented from being zero only by 
the small circuit losses. 


At all EvEN quarter-wavelength points (} » % ete.) the 


voltage is a maximum, and therefore the impedance is a 
maximum. A comparison of this type of transmission line 
with an L-C resonant circuit shows that at even quarter- 
wavelengths (from the output end) the line acts like a 
parallel resonant circuit. 

In addition to acting as series or parallel Z-C resonant 
circuits, resonant open-end lines also may act as nearly 
pure capacitances or inductances when the lengths of the 
lines are not an exact multiple of the fundamental quarter- 
wavelength corresponding to the frequency of the applied 
voltage at the input terminals. Figure 10-5 shows that an 


474 


open-end line less than a quarter-wavelength long acts like 


. r X “ 
& capacitance; between q and 3 wavelength, as an inductance; 


PN » i 
between 3 and 2 wavelength, as a capacitance; between 4 


and \ wavelength, as an inductance; and so forth. 


Resonance in Closed-End Lines 


The closed-end line may likewise be studied with the aid 
of figure 10-6. At opp quarter-wavelengths from the closed 
end of the line the voltage is high, the current low, and the 
impedance high. Because conditions are similar to those 
in a parallel resonant circuit, the shorted transmission line 
of odd quarter-wavelengths acts like a parallel resonant 
circuit. The voltage across a circuit of this type cannot 
exceed the applied voltage. 

At EVEN quarter-wavelength points (measured from the 
shorted end) the voltage is a minimum, the current is a 
maximum, and the impedance is a minimum. Because this 
action is similar to series resonance in an L-Ccircuit, a shorted 
transmission line of even quarter-wavelengths acts like a 
series resonant circuit. 

Resonant closed-end lines, like open-end lines may also 
act as nearly pure capacitances or inductances when the 
length of the lines are not exact multiples of the fundamental 
quarter-wavelength corresponding to the frequency of the 
applied voltage at the input terminals. 


Line Terminated in a Reactance 


A line terminated in @ RESISTANCE equal to its character- 
istic impedance normally has no reflections present. How- 
ever, if a transmission line is terminated in a REACTANCE 
equal to its characteristic impedance or to any other im- 
pedance, standing waves are NoT eliminated. Figure 
10-7, A, shows the standing waves that exist on a line 
terminated in a capacitive reactance equal to its character- 
istic impedance. Note that the last current loop is less than 
a quarter-wavelength from the capacitive termination of 
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Figure 10-6.—Impedance characteristics of closed-end resonant lines. 
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Figure 10—-7.—Transmission lines terminated in reactances. 


the line. With capacitive termination the voltage and 
current distribution has essentially the same character as 
with the open-end line, except that the curves are shifted 
toward the output end of the line by an amount that in- 
creases as the capacitive reactance is reduced—that is, as 
the line approaches the closed-end condition of zero 
impedance. 

Figure 10-7, B, shows the standing waves that occur on 
a line terminated in an inductive reactance equal to the 
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characteristic impedance. Note that the last voltage loop 
is less than a quarter-wavelength from the inductive termi- 
nation of the line. With inductive termination the voltage 
and current distribution has essentially the same character 
as with a short-circuited output, except that the curves are 
shifted toward the inductive termination by an amount 
that increases as the terminating inductive reactance ap- 
proaches infinity—that is, as the line approaches the open-end 
condition. 


Standing-Wave Ratio 


The ratio of the effective voltage at a loop to the effective 
voltage at a node, or the effective current at a loop to the 
effective current at a node is called the STANDING-WAVE RATIO 
(SWR) of a transmission line. It is also equal to the ratio 
of the characteristic impedance of the line to the impedance 
of the load, or vice versa. When the line is terminated in a 
perfect match, all of the energy sent down the line is abdgrbed 
by the load and none is reflected. Under these conditions 
no standing waves are present. The maximum and minimum 
values are the same, and therefore the standing-wave ratio 
is equal to 1.0. 

Two mismatched lines are shown in figure 10-8. In each 
of these lines the characteristic impedance, Z,, of the line is 
300 ohms. In figure 10-8, A, the load impedance is 60 ohms. 
The ratio of the effective current at a to the effective current 


4 or °, which is also equal to ”. 


In figure 10-8, B, the line impedance is less than (G of) the 
impedance of the load. The ratio of the effective current at 


. Z 1, 
d to the effective current at ¢ is equal to ue or 5 In the 


at b is equal to 


first example, the SWR is equal to the ratio of the Z, of the 
line to the Z of the load. In the second example it is equal 
to the ratio of the Z of the load to the Z, of the line. In 
both examples, the SWR is equal to the ratio of the effective 
current at a loop to the effective current at a node. 
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Figure 10-8.—Mismatched lines showing standing-wave ratio. 


In general, the higher the SWR, the greater is the mis- 
match between the line and the load. A knowledge of the 
position of the current and voltage loops and nodes along 
the line will indicate whether the load resistance is less than 
or greater than the characteristic impedance. For example, 
in figure 10-8, A, there are a voltage node and a current loop 
at the load. This occurs because the load resistance is less 
(approaching a shorted condition) than the characteristic 
impedance of the line. Thus, it is a simple matter (by the 
use of one of the r-f measuring devices to be discussed later) 
to determine whether the load resistance is greater or smaller 
than Z,. If the load resistance is greater than Z, (fig. 10-8, 
B), the output end of the line will appear more like an open 
circuit, and r-f measuring devices will indicate maximum 
effective voltage and minimum effective current at that 
point. 
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TYPES OF TRANSMISSION LINES 


There are five general types of transmission lines—the 
parallel two-wire line, the twisted pair, the shielded pair, the 
concentric (coaxial) line, and waveguides. As mentioned in 
the introduction, the use of a particular type of line depends 
among other things on the frequency and the power to be 
transmitted, and on the type of installation. 


Parallel Two-Wire Line 


One of the most common types of transmission lines con- 
sists of two parallel conductors that are maintained at a 
fixed distance by means of insulating spacers or spreaders 
that are placed at suitable intervals. This type of line is 
shown in figure 10-9, A. The line is used frequently because 
of its ease of construction, its economy, and its efficiency. 
In practical applications two-wire transmission lines (with 
individual insulators rather than spacers) are used for power 
lines, rural telephone lines, and telegraph lines. This type 
of transmission line is also’ used as the connecting link be- 
tween an antenna and transmitter or an antenna and receiver. 

In practice, such lines used in radio work are generally 
spaced from 2 to 6 inches apart on 14-mc and lower frequen- 
cies. The maximum spacing for 38-mce or higher frequencies 
is 4 inches. In any case, in order to effect the best cancella- 
tion or radiation, it is necessary that the wires be separated 
by only a small fraction of a wavelength. For best results, 
the separation should be less than 0.01 wavelength. 

The principal disadvantage of the parallel-wire transmis- 
sion line is that it has relatively high radiation loss and 
therefore cannot be used in the vicinity of metallic objects, 
especially when high frequencies are used, because of the 
greatly increased loss which results. 

Uniform spacing of a two-wire transmission line may be 
assured if the wires are imbedded in a solid low-loss dielectric 
throughout the length of the line, as indicated in figure 
10-9, B. This type of line is often called a TWo-WIRE 
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Figure 10-9.—Types of transmission lines. 


RIBBON type. The ribbon type is commonly made with two 
characteristic impedance values, 300 ohms and 75 ohms. 
The 300-ohm line is about one-half inch wide and is made of 
stranded wire. Because the wires are imbedded in only a 
thin ribbon of polyethylene, the dielectric is partly air and 
partly polyethylene. Moisture or dirt will change the char- 
acteristic impedance of the line. This effect becomes more 
serious if the line is not terminated in its characteristic 
impedance. 
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The wires of the 75-ohm line are closer together, and the 
field between the wires is confined largely to the dielectric. 
Weather and dirt therefore affect this line less than they 
affect the 300-ohm line. The ribbon-type of line is widely 
used to connect television receivers to their antennas. 


Twisted Pair 


The twisted pair is shown in figure 10-9, C. As the name 
implies, it consists of two insulated wires twisted to form a 
flexible line without the use of spacers. It is used as an 
untuned line (on a tuned line the insulation might be punc- 
tured at voltage loops) for low-frequency transmission. It 
is not used for the higher frequencies because of the high 
losses occurring in the rubber insulation. When the line is 
wet, the losses increase greatly. The characteristic imped- 
ance of such lines is about 100 ohms, depending on the type 
of cord used. 


Shielded Pair 


The shielded pair (shown in fig. 10-9, D) consists of two 
parallel conductors separated from each other and sur- 
rounded by a solid dielectric. The conductors are contained 
within a copper-braid tubing that acts as a shield. This 
assembly is covered with a rubber or flexible composition 
coating to protect the line against moisture and friction. 
Outwardly, it looks much like an ordinary power cord for 
an electric motor. 

The principal advantage of the shielded pair is that the 
two conductors are balanced to ground—that is, the capaci- 
tance between each conductor and ground is uniform along 
the entire length of the line and the wires are shielded against 
pick-up of stray fields. This balance is effected by the 
grounded shield that surrounds the conductors at a uniform 
spacing throughout their length. 

If radiation from an unshielded line is to be prevented, 
the current flow in each conductor must be equal in amplitude 
in order to set up equal and opposite magnetic fields that are 
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thereby canceled out. This condition may be obtained only 
if the line is clear of all obstructions, and the distance between 
the wires is small. If, however, the line runs near some 
grounded or conducting surface, one of the two conductors 
will be nearer that obstruction than the other. A certain 
amount of capacitance exists between each of the two con- 
ductors and the conducting surface over the length of the 
line, depending upon the size of the obstruction. This 
capacitance acts as a parallel conducting path for each half 
of the line, causing a division of current flow between each 
conductor. Since one conductor may be nearer the obstruc- 
tion than the other, the current flow will accordingly be 
increased, resulting in an inequality of current flow in the 
two conductors and therefore incomplete cancellation of 
radiation. The shielded line, therefore, eliminates such losses 
to a considerable degree by maintaining balanced capaci- 
tances to ground. 


Air Coaxial 


The air coaxial line has advantages that make it practical 
for operation at the ultrahigh frequencies. It consists of 
wire mounted inside of, and coaxially with, a tubular outer 
conductor (fig. 10-9, E). In some cases the inner conductor 
also is tubular. The inner conductor is insulated from the 
outer conductor by insulating spacers or beads at regular 
intervals. The spacers are made of pyrex, polysterene, or 
some other material possessing good insulating qualities and 
having low loss at high frequencies. 

The chief advantage of the coaxial line is its ability to 
keep down radiation losses. In the two-wire parallel line 
the electric and magnetic fields extend into space for rela- 
tively great distances and tend to cause radiation losses and 
noise pick-up from other lines. In a coaxial line, however, 
no electric or magnetic fields extend outside the outer con- 
ductor. They are confined to the space between the two 
conductors. Thus, the coaxial line is a perfectly shielded line. 

The disadvantages of such a line are: (1) It is expensive; 
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(2) at extremely high frequencies, its practical length is 
limited because of the considerable loss that occurs; and (3) 
it must be kept dry in order to prevent excessive leakage 
between the conductors. To prevent condensation of mois- 
ture, the line may be filled in certain applications with dry 
nitrogen at pressures ranging from 3 to 35 pounds per square 
inch. The nitrogen is used to dry the line when it is first 
installed, and a pressure is maintained to ensure that the 
leakage will be outward. 


Solid Coaxial 


Concentric cables are also made with the inner conductor 
consisting of flexible wire insulated from the outer conductor 
by a solid and continuous insulating material, as shown in 
figure 10-9, F. Flexibility may be gained if the outer 
conductor is made of a metal braid, but the losses in this 
type of line are relatively high. 


Waveguides 


Two common types of waveguides are the cylindrical type 
(fig. 10-9, G) and the more often used rectangular type 
(fig. 10-9, H). The term “‘waveguide’’ is applicable to all 
types of transmission lines in the sense that they are used to 
direct or guide the energy from one point to another. In 
this sense it does not matter whether the line is composed of 
a single conductor, two or more conductors, a coaxial line, a 
hollow metal tube, or a dielectric rod. Usage, however, has 
limited the meaning of the word to the hollow metal tube 
and the dielectric transmission line. The term “waveguide,” 
as used in this text, means a hollow metal tube. 

The transmission of an electromagnetic wave along a 
waveguide is closely related to its transmission through 
space. At power-line frequencies the current flow through 
the conductors was long considered to be the means by which 
energy is transmitted over a line, and the external electric 
and magnetic fields were regarded as coincidental to that 
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transmission. That this may not necessarily be the case 
may be deduced from the fact that today enérgy may be 
transmitted along a waveguide with no longitudinal current 
flow along the guide. Thus it is believed that the energy 
transmitted is contained in the electromagnetic fields that 
travel down the waveguide and current flow in the guide 
walls only provides a boundary for these electric and mag- 
netic fields. 

TYPES OF WAVEGUIDES.—Waveguides may be classed 
according to cross section (rectangular, elliptical, or circular) 
or according to material (metallic or dielectric). Dielectric 
waveguides are seldom used because the losses for all known 
solid dielectric materials are too great for efficient trans- 
mission. 

Of the three types of hollow-tube waveguides the rectangu- 
lar cross-section type is most commonly used. Circular 
waveguides are seldom used because it is difficult to control 
the plane of polarization and the mode of operation. (Modes 
are described later.) Circular waveguides involve the further 
difficulty of joining curved surfaces when a junction is re- 
quired. They do find use in rotating joints, however, be- 
cause of their circular symmetry, both physical and electrical. 
Elliptical waveguides are not used because of fabrication, 
joining, and bending difficulties. 

ADVANTAGES OF HOLLOW WAVEGUIDES.—A hollow wave- 
guide has lower loss than either an open-wire line or a coaxial 
line in the frequency range for which it is practical. An open- 
wire line has three kinds of loss—(1) radiation loss, (2) di- 
electric loss, and (3) copper loss. In the coaxial line there is 
no radiation loss because the outer conductor acts as a shield 
which confines the magnetic and electric fields to the space 
between the inner and outer conductors. Both the coaxial 
line and the hollow pipe are perfectly shielded lines and there- 
fore have no radiation loss. 

Dielectric loss in the insulating beads of a coaxial line is 
considerable at very high frequencies, but air has negligible 
dielectric loss at any frequency. Because hollow metal wave- 
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guides are usually filled with air, they have negligible di- 
electric loss. 

The third kind of loss is the copper loss. At high frequen- 
cies the current flows in a thin layer near the surface of the 
conductor. As the frequency increases, the thickness of 
this layer decreases, thus reducing the effective cross section 
of the conductor and causing the copper loss to increase as 
the effective resistance of the conductor becomes greater. 
In a coaxial line most of the resistance and most of the copper 
loss are in the inner conductor because the circumference of 
this conductor is less, and for a given penetration of current 
the effective cross section is less than that of the outer con- 
ductor. 

For example, if the current flows in a very thin layer at 
the surface of both conductors, and if the inner circumfer- 
ence of the outer conductor is five times that of the outer 
surface of the inner conductor, the area through which cur- 
rent flows in the outer conductor is five times that of the 
inner conductor. The resistance, R, of a conductor is 


Rael 


> 


where p is the resistivity of the metal, Z the length of the 
conductor, and A the area of the cross section through which 
the current flows. Therefore, the resistance of the inner 
conductor is five times that of the outer conductor. If the 
inner conductor were eliminated, the copper losses would be 
greatly reduced. A coaxial line without the inner conductor 
is equivalent to a round hollow waveguide. 

Because the waveguide has less copper loss than a coaxial 
line, and because it has negligible dielectric loss and no radi- 
ation loss, the total losses of a waveguide above the cutoff 
frequency are less than those of a coaxial line of the same 
size operating at the same frequency. 

The waveguide is simpler in construction than the coaxial 
line because the inner conductor and its supports are elimi- 
nated. Because there is no inner conductor which may be 
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displaced or broken by vibration or shock, the waveguide is 
more rugged than the coaxial line. 

DIsADVANTAGES OF HOLLOW WAVEGUIDES.—The minimum 
size of the waveguide that can be used to transmit a certain 
frequency is proportional to the wavelength at that fre- 
quency. This proportionality depends upon the shape of the 
waveguide and the manner in which the electromagnetic 
fields are set up within the pipe. In all cases there is a mini- 
mum frequency that can be transmitted. The lowest cutoff 
frequency is determined by the inside dimensions shown in 
figure 10-9, H. The wavelength, do, corresponding to the 
cutoff frequency is equal to twice the inside width of the 
guide, or 

Aeo= 2a. 


Higher frequencies, however, can be transmitted. The width 
of the guide for these frequencies is greater than their corre- 
sponding free-space half-wavelengths. 

The distance, 5, is not critical with regard to frequency. 
However, this distance determines the voltage level at which 
the waveguide arcs over. Therefore, for high power and 
voltage, the distance, 6, should be large. In practice, 6 may 
be from 0.2 to 0.5 of the wavelength in air, and a may be 
about 0.7 times the wavelength in air. 

Because the cutoff frequency corresponds to a wavelength 
that is equal to twice the inside width of the guide, wave- 
guides are not used extensively at frequencies below approxi- 
mately 3,000 mc (10 cm). At lower frequencies the guide 
would be too large. For example, to transmit 10-centimeter 
waves, a rectangular waveguide would have to be wider than 
5centimeters. For 1-meter waves the waveguide would have 
to be about 2% feet wide, and for 10-meter waves, 23 feet 
wide. 

The installation of a waveguide transmission system is 
somewhat more difficult than the installation of other types 
of lines. The radius of bends in the guide must be greater 
than two wavelengths to avoid excessive attenuation and the 
cross section of the guide must be maintained uniform around 
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the bend. These difficulties hamper installations in re- 
stricted spaces. If the guide is dented, or if solder is per- 
mitted to run inside the joints, the attenuation of the line is 
greatly increased. In addition to the increased attenuation 
that they cause, dents and beads of solder also reduce the 
breakdown voltage of the waveguide and cause standing 
waves in the guide. 

Although such faults may not cause arc-over in the guide, 
they limit the power-handling capacity of the system and 
make the possibility of arc-over more likely. Thus, unless 
great care is exercised in the installation, one or two carelessly 
made joints may nullify completely the initial advantage 
obtained from the use of the waveguide. 

MopEs OF TRANSMISSION.—For convenience of reference, 
a system employing letters and subscript numbers was de- 
vised for describing waveguide modes. Figure 10-10, A, 
shows the TE mode of operation of a rectangular waveguide. 
The letters TE indicate a mode of operation in which the 
ELEcTRIC field (composed of parallel E lines) lies in trans- 
verse planes that contain the X and Y axes and in which the 
E lines are parallel to the Y axis and are perpendicular to the 
longitudinal (Z) axis of the guide. Similarly the letters TM 
(fig. 10-10, B) indicate that the macneric field (composed 
of closed loops) lies in transverse planes that contain the X 
and Y axes and are wholly transverse to the guide axis. 

For rectangular waveguides the accepted system of sub- 
scripts is that the first number subscript indicates the num- 
ber of half-wave variations of the transverse field in the 
wide dimension of the guide, and the second number indi- 
cates the number of half-wave variations of the same field 
in the narrow dimension. The TE, mode, for example, 
means that the electric field has one half-wave variation in 
the wide dimension, and none in the narrow dimension. 
The TM; mode means that the magnetic field has one half- 
wave variation in both the wide and the narrow dimensions. 
The mode having the lowest cutoff frequency for a given 
size of guide is called the DoMINANT MODE for that guide. 
The dominant mode, TE, for rectangular waveguides is 
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Figure 10-10.—TE and TM modes of operating a waveguide. 


the mode most commonly used. There are many reasons 
for this. This mode is easily excited, it is plane-polarized, 
it is easily matched to a radiator, and the plane of polariza- 
tion is easily controlled. Other reasons are that its cutoff 
frequency is dependent upon only one of the guide dimen- 
sions while many of the other modes depend on two dimen- 
sions, with the result that it is easy to design the waveguide 
so that only this one mode may exist in it. 


325772 O—55 32 489 


Couptina.—There are three principal ways in which 
energy can be put into and removed from waveguides. 
The first is by placing a small loop of wire so that it “cuts” 
or couples the H lines of the magnetic field, as in a simple 
transformer. The second is by providing an “‘antenna’’ or 
probe which can be placed parallel to the E lines of the elec- 
tric field. The third method is to link or contact the fields 
inside the guide by external fields through the use of slots 
or holes in the walls. 

The foregoing is a general description of waveguides. A 
fuller discussion of the theory and operation of waveguides 
and cavity resonators will be included in an advance course. 


MEASUREMENTS ON R-F LINES 
Methods of Making Measurements 


It is often necessary to determine if standing waves are 
present on a transmission line and, if present, where the 
loops and nodes of voltage and current occur. It may also 
be necessary to determine the SWR for voltage and current. 
Therefore, it is necessary to make electrical measurements on 
the line. 

There are several methods of determining the magnitude 
of voltage or current at any point on anr-fline. In making 
these measurements it must be remembered that the mag- 
netic field around a line varies directly with the current, and 
that the electrostatic field about the line varies directly 
with the voltage. 

Current may be observed at any point on a line either by 
cutting the line and inserting a suitable ammeter (fig. 10-11, 
A), or by placing a loop (fig. 10-11, B) connected to an 
ammeter in the magnetic field. In figure 10-11, A, the a-c 
ammeter is connected in series with the line. The ammeter 
indicates the standing wave of current at the point where 
the measurement is made. If this method is not practical, 
the method shown in figure 10-11, B, may be used instead. 
The coil is moved along the line, and the meter will indicate 
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Figure 10-11.—Methods of measuring standing waves of voltage and current. 


maximum current at the point where maximum current is 
induced in the coil—that is, at a current loop—and it indi- 
cates minimum current at a current node. 

In order to determine the voltage between the lines at any 
point along the line, an a-c voltmeter is connected across the 
line, as indicated in figure 10-11, C. The voltage between 
the lines may also be measured by the method shown in 
figure 10-11, D. When the neon lamp is connected across 
the line the lamp will glow with a degree of brightness that 
is proportional to the voltage across the line at different 
locations along the line. If the field is strong enough, the 
lamp will glow when it is in close proximity to the line even 
if there is no physical contact. This method is convenient, 
although it lacks the precision of other methods. Greater 
precision may be obtained by the use of a sensitive type d-c 
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voltmeter and rectifier, as shown in figure 10-11, E. The 
resistor, R, is capacity-coupled to the two sides of the line, 
and the voltage drop across FR is measured by the voltmeter. 

Each of the methods described thus far has the dis- 
advantage that a certain amount of energy is absorbed from 
the line. This absorption of energy at the point of measure- 
ment represents a change in impedance at this point and | 
causes line reflections. Thus, the foregoing methods of ; 
making r-f measurements temporarily alter the normal 
characteristics of the line during the time the measurements 
are being taken. 

A method of r-f measurement that causes the least dis- 
turbance to the line is shown in figure 10-11, F. It is com- [ 
posed of a » section shorted by means of an r-f ammeter. 
This device presents an extremely high impedance to the 
line, and therefore little current is needed to energize it. 

When coaxial lines are used, the magnetic and electric | 
fields are contained within the space between the outer and 
inner conductors and are not accessible for measurement as { 
in open lines. In making measurements on this type of line, 
the arrangements shown in figure 10-12 are used. A probe is 
inserted in the slot, but not far enough to touch the inner 
conductor. The probe is a slender rod that acts as an 
antenna. It is excited by the electric field which is parallel _ 
to the probe. Since the line current flows parallel to the | 
slot, the effective resistance of the coaxial line is not ap- 
preciably reduced by the presence of the slot. | 

Because the coupling is slight, very little energy is ex- 
tracted by the probe. The r-f energy is detected by a 
crystal rectifier in figure 10-12, A, and the resulting d-c, 
which varies in magnitude with the a-c signal voltage, is 
amplified and fed to the voltmeter. The r-f energy is de- 
tected in figure 10-12, B, by a bolometer the resistance of 
which varies with temperature. This action varies the d-c 
current in ammeter A. The temperature of the bolometer 
varies with the amount of r-f current from the probe. The 
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bolometer itself is generally a 0.01 ampere fuse having i 
positive temperature coefficient. 


Wavelength Measurements 


Because the distance between a voltage loop and the next 
adjacent voltage node or a current loop and the next adjacent 
current node is equal to a quarter-wavelength, one wave 
length is equal to four times the quarter-wave, as shown in 
figure 10-13. 





Figure 10-13.—Determination of wavelength by means of standing waves. | 


Because energy travels more slowly on a wire than in free | 
space, the wavelength is a little shorter on the wire than in 
space. The electrical length of a wire therefore differs | 
slightly from the length in terms of the free-space wave- | 
length. This results from the capacitive effects between the 
wires and ground that decrease the velocity of propagation © 
on the line. The spacers and insulating material used have a 
dielectric constant greater than air, and this also increases 
the effective capacitance. 
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The electrical quater-wavelength for various types of 
lines may be calculated from the formula 


rx k 
where L (in feet) is the quarter-wavelength, & is a constant 
that depends on the type of line, and f is the frequency in 
megacycles. The constant, &, for a parallel line is 0.975, 
and for an air-insulated concentric (coaxial) line is 0.85. 


Lecher Lines 


Lecher lines are two-wire transmission lines that are used 
as tuned-circuit elements or as resonant lines for the purpose 
of obtaining wavelength. Such lines are, in general, between 
¥% and 5 wavelengths long and usually have a shorting bar 
that is adjustable over a considerable range of length. 

In the Lecher lines shown in figure 10-14, A and B, two 
parallel wires are extended a distance equal to slightly more 
than 5 quarter-wavelengths. By the use of these lines the 
wavelength and the frequency of the r-f signal may be 
determined. The wavelength may be determined by measur- 
ing the distance between successive maxima and minima of 
the current or voltage waveforms. The frequency is de- 
termined by making proper substitutions in the preceding 
formula, transposing, and solving for f. 

The use of the shorting bar and the pick-up coil to de- 
termine current maximums and minimums is illustrated by 
the two positions of the shorting bar shown in the figure. 
The current wave shown in figure 10-14, A, indicates that 
the standing wave of current is minimum at the location of 
the coupling coil. Very little current flows through the coil, 
and the weak magnetic field that results induces only a slight 
current in the pick-up coil and the indication of the ammeter 
isa minimum. In figure 10-14, B, the shorting bar has been 
moved a quarter-wavelength toward the r-f generator, and 
the current at the coupling coil isnow maximum. Maximum 
current is induced in the meter pick-up coil, and the ammeter 
indication is a maximum. 
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Figure 10-14.—Lecher lines. 


A Lecher line one-quarter wavelength long has the charac- 
teristics of a parallel-resonant circuit (fig. 10-14, C) and 
therefore may be used as a tuned-plate or tuned-grid circuit 
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in an ultrahigh-frequency oscillator. At 400 mc a quarter- 
wavelength line is only a little more than 7 inches long and 
therefore is of a practical length for oscillators having fre- 
quencies that lie in the upper end of the v-h-f band and the 
lower end of the u-h-f band. 


APPLICATIONS OF RESONANT LINES 


In many applications, standing waves on transmission 
lines must be eliminated or reduced to the lowest possible 
level. In radar, for example, the SWR must be very near 
unity if satisfactory operation is to be obtained. Standing 
waves have the following bad effects: 


1. The power-handling capacity of the line is reduced 
because at some points the voltage is greater than at 
others; and at other points the current is excessively’ 
high. At high-voltage points the insulation may 
break down, and at high-current points the temperature 
rise may be excessive. 

2. The efficiency of the line is lowered because of the 
excessive current and accompanying J*R loss. The line 
current and voltage are not in phase, hence the line 
power factor is low. The efficiency of transmission 
becomes a maximum for a given amount of power being 
transmitted only when the line power factor becomes 
unity and the effective current becomes a minimum. 
These conditions can exist only on a nonresonant line 
(no standing waves). 

3. The effective resistance of the line is increased by the 
introduction of standing waves. There is also in- 
creased radiation loss and reduced efficiency. 

For these reasons, resonant lines are seldom used to trans- 

mit large amounts of power over any considerable distance. 

Resonant lines, however, have many important uses 

besides that of transmitting power from one point to another. 
For example, they may be used as metallic insulators, as 
wave filters and chokes, and as impedance-matching devices. 
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Metallic Insulators 


When a quarter-wave line is shorted at the output end and 
is excited to resonance at the other end by the correct fre- 
quency, there are standing waves of current and voltage on 
the line. At the short circuit, the voltage is zero while the 
current is ata maximum. At the input end (the end support- 
ing the transmission line) the current is nearly zero and the 
voltage is a maximum. Therefore, at the input end the z 
ratio, and thus the impedance, is very large. Because an 
exceedingly high impedance across the input end looks like 
an insulator to the transmission line, the quarter-wave line 
shorted at the output end may be used as an insulator at its 
two open terminals (those to which the transmission line is 
attached). 

Figure 10-15, A, shows a quarter-wave section of line 
acting as a stand-off insulator for a two-wire transmission 
line. Naturally, for direct current this section acts as a 
direct short on the line, but for the particular frequency that 
makes the section a quarter-wavelength, it acts as a highly 
efficient insulator. At terminals A and B there is a high 


voltage and a low current. Because z=%, the impedance 


between A and B must be very high. The insulator obtains 
a negligible amount of energy from the line to make up any 
losses caused by the circulating current. If the frequency 
varies too widely from the value for which the section is 
designed, the section rapidly becomes a poor insulator and 
begins to act as a capacitor or inductor across the line. 
Figure 10-15, B, shows a quarter-wavelength of coaxial 
line that is ‘‘teed”’ into a coaxial transmission line to support 
the center conductor. If the quarter-wave stubs are 
placed close enough together to provide adequate mechanical 
support, they are usually more efficient than beads of 
dielectric material—that is, 1F THE COAXIAL LINE IS OPERATED 
AT ONE FREQUENCY ONLY. Metallic insulators are practical 
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Figure 10-15.—Quarter-wave insulators. 
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only at the higher frequencies where the quarter-wave stub is 
of a practical length. 


Impedance-Matching Devices 


The impedance of a quarter-wave section of transmission 
line shorted at one end varies widely over its length, as is 
indicated in figure 10-16, A. At the shorted end the current 


is high and the voltage is low. Because z=", the impedance 


at the shorted end islow. At the open end, the conditions are 
reversed, and the impedance is high. When this section of 
r-f transmission line is excited, it is possible to match almost 
any impedance somewhere along the line. For example, a 
300-ohm line may be matched to a 70-ohm line without the 
production of standing waves on either of the two lines that 
are being matched. Figure 10-16, B, shows how this con- 
nection may be made. Energy from the 300-ohm line sets 
up standing waves on the quarter-wave section. The con- 
nection between the 300-ohm line and the quarter-wave 
matching section is made at a point where the impedance of 
the quarter-wave line is 300 ohms. When this adjustment 
is made, the SWR on the 300-ohm line should be at a mini- 
mum, essentially unity. The 70-ohm line is similarly adjusted 
to bring about an impedance match near the shorted end. 

The quarter-wave line may also be used to match a non- 
resonant line to a resonant line, as shown in figure 10-16, C. 
In order to be nonresonant, a line must be terminated in its 
characteristic impedance, and the terminating impedance 
should be approximately a pure resistance. The impedance 
of a shorted quarter-wave resonant section is zero at the 
shorting bar and increases along the line toward the open 
end. The shorting bar is adjusted to make a voltage maxi- 
mum appear at cd; and the contacts, ab, between the non- 
resonant line and the quarter-wave section, are adjusted for 
the best match. 

A half-wave section of line shorted at both ends is also 
used as an impedance-matching device, particularly in 
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Figure 10-16.—Transmission line as an impedance-matching device. 
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antenna-coupling problems. Figure 10-16, D, shows a half- 
wave section excited at ab and having resonant current and 
voltage values as shown by the curves labeled Hand J. The 
input (from the generator) to ab “sees” an impedance, Z,,, 


equal to the > ratio at that point, and the output (load) 
T 


looking into cd “sees” a larger = ratio, hence a larger imped- 


ance, Z,.4. The greatest impedance will be obtained at ef 
where the voltage is highest and the current lowest. Con- 
versely, the lowest impedance points will be at the shorting 
bars where the current is high and the voltage low. Because 
the upper half of the half-wave section, or half-wave frame, 
repeats the impedance of the lower half, there will always be 
two points on the frame that have the same impedance. 
There will be a difference, however, in the phase of the 
currents involved, the current in one half being 180° out of: 
phase with that of the other half. 

Another example of the use of a shorted quarter-wave 
section as an impedance-matching device is shown in figure 
10-16, E. In this figure a relatively low impedance input is 
transformed to a high impedance to match the high input 
impedance toa grid. The equivalent lumped circuit is shown 
in figure 10-16, F. 

A nonshorted resonant transmission line may also be used 
as an impedance-matching device, as shown in figure 10-17, 
A. Anonshorted quarter-wave transmission line having the 
correct characteristic impedance may be used to match two 
dissimilar impedances. The necessary characteristic imped- 
ance, Z,, of the quarter-wave matching section is 


Z,.=VZ:XZ,, 


where Z, is the impedance of line 1 and Z, is the impedance of 
line 2. In this figure, 


Z,= ¥300X70=145 (approx.). 
The transformer analogy is shown in figure 10-17, B. A 
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Figure 10-17.—Impedance matching with unshorted quarter-wave line. 
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method of connecting a 300-ohm line by means of a quarter- 
wave matching section is shown in figure 10-17, C. 


Quarter-Wave Lines as Filters 


The characteristics of a quarter-wave line allow it to be 
used as an efficient filter or suppressor of EVEN harmonics. 
Other types of filters may be used for the elimination of opp 
harmonics. In fact, filters may be designed to eliminate 
efficiently the radiation of an entire single side band of the 
modulated carrier. 

Suppose that a transmitter is operating on a frequency of 
5 mc and it is found that the transmitter is causing excessive 
interference on 10 and 20 mc. In addition to the other means 
of eliminating radiation at these even harmonic frequencies, 
a resonant transmission may be used as a harmonic 
suppressor. 

A quarter-wave line shorted at one end offers a high im- 
pedance at the unshorted end to the fundamental frequency. 
At a frequency twice the fundamental such a line is a half- 
wave line, and at a frequency four times the fundamental 
the line becomes a full-wave line. A half-wave or a full-wave 
line that is shorted at the output end offers zero impedance 
at its input end. Therefore, the radiation of even harmonics 
from the transmitting antenna can be eliminated almost 
completely by means of the circuit shown in figure 10-18, A. 

The resonant filter line, ab, as shown, is a quarter-wave 
in length at 5 mc and offers almost infinite impedance at this 
frequency. In other words, the quarter-wave section looks 
like an insulator (to the transmission line) connected between 
the lines at the point where the antenna is connected. At the 
second harmonic, 10 me, the line, ab, is a half-wave line and 
offers zero impedance at the antenna, thus shorting this fre- 
quency to ground. Again at 20 mc, the filter is a full-wave 
line and offers zero impedance. Thus, energy at this fre- 
quency is also grounded. The quarter-wave filter may be 
inserted anywhere along the nonresonant transmission line 
with similar effect—for example, at a in figure 10-18, B. 
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POSSIBLE FILTER CONNECTIONS ON MAIN LINE 
Figure 10-18.—Quarter-wave filters. 


Both open and closed quarter-wave resonant lines may be 
used as wave filters. Figure 10-18, C, shows how more than 
one line filter may be connected between a transmitter and 
an antenna to eliminate the radiation of undesired frequen- 
cies. In this instance, a quarter-wave filter, b, that is open 
at the output end is inserted in serrEes with the transmission 
line. A quarter-wave line that is open at the output end 
‘offers low impedance at the input end to the fundamental 
frequency. At each odd harmonic such a line is an odd 
multiple of a quarter-wave and therefore offers little im- 
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pedance to odd harmonics. Actually, at the fundamenta 
and odd harmonics the impedance at 6 is so low that it may 
be considered a continuous line, as if a short were placed 
across the base of the quarter-wave line. Thus, the quarter- 
wave open-filter line, 6, in figure 10-18, C, passes the funds- 
mental and odd harmonics along the line to the antenna- 
coupling unit. At even harmonics, however, the length of | 
the open line (at 5) becomes a half wave, or some multiple , 
of a half wave, so that line 6 offers high impedance to the even 
harmonics and blocks their passage to the antenna-coupling 
unit. 

Unfortunately, the foregoing methods of inserting wave 
filters in shunt with a line cannot be used to eliminate odd ( 
harmonics, because any attempt to eliminate the odd har- , 
monics also results in serious loss to the fundamental fre- | 
quency. For example, assume that line c of figure 10-18, C, 
is a quarter-wave at the third harmonic (15 mc). This 
frequency would be eliminated effectively before it could | 
reach the antenna-coupling unit. However, the fundamental 
that is to be transmitted would also be greatly attenuated. { 
If a line is a quarter-wave in length at 15 mc it is a twelfth- 
wave in length at 5 me (wavelength varies inversely with ( 

| 
| 





frequency). A line a twelfth-wave in length would act as 
® capacitor and offer a low impedance to 5 mc. Therefore, 
although 15-mc radiation would be suppressed, the desired 
carrier would also be suppressed considerably. ( 
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10. 


11. 


12, 


13. 


14, 


15. 


16. 


17. 


18. 


QUIZ 
What are four uses of resonant r-f lines other than for the trans- 
mission of power? 


What is the effect on the characteristic impedance of a two-wire 
line if the wires are moved farther apart? 


What is the phase relation between voltage and current on a line 
of infinite length? 


. Why do the waveforms diminish in amplitude along a line of 


infinite length? 


. What is the constant ratio of voltage to current called on a line 


that is terminated in an impedance equal to this ratio? 


. What is the relative magnitude of the rms voltage at the open 


end of a transmission line that is one wavelength long (fig. 10-3, B)? 


. What is the relative magnitude of the rms current at the open end 


of a transmission line that is one wavelength long (fig. 10-3, C)? 


. What is the relative magnitude of the rms current at the shorted 


end of a transmission line that is one wavelength long (fig. 10-4)? 


. What is the relative magnitude of the rms voltage at the shorted 


end of a transmission line that is one wavelength long (fig. 10-4)? 
What is the relative magnitude of the load impedance compared 
with the characteristic impedance of a nonresonant line? 

In an open-end resonant line, why is the impedance prevented from 
being zero at odd quarter-wavelengths from the terminal end of 
the line? 

What type of circuit would generator “‘see”’ if it is connected one- 
half wavelength from the end of an open-end resonant line? 

What type of circuit would a generator “see” if it is connected 
three-eighths wavelength from the end of an open-end resonant 
line? 


A shorted transmission line one-half wavelength long acts like 
what kind of circuit? 


When a transmission line is terminated in @ capacitive reactance 
equal to the characteristic impedance of the line, how are the 
voltage and current distributions affected? 


Express the SWR in terms of (1) voltage, (2) current, and (3) 
impedance. 


What effect does increasing the mismatch between line and load 
have on the SWR? 


What is the principal disadvantage of parallel-wire transmission 
lines? 
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19. 


20. 


21. 


22. 


23. 
24. 
25. 
26. 
27. 


28. 
29. 
30. 
31. 


32. 
33. 


The twisted-pair transmission line is not used for high frequencies 
because of what type of losses? 

What is the principal advantage of the shielded-pair transmission 
line? 

May higher or lower frequencies than the cutoff frequency be 
transmitted by a hollow waveguide? 

What places a limit on the narrow width of a rectangular wave- 
guide? 

Why are waveguides not practical at the lower frequencies? 

Define the TE mode of operating a waveguide. 

Define the TM mode of operating a waveguide. 

What is meant by the dominant mode of a waveguide? 

As the section of figure 10-11, F, is moved along the transmission 
line, current loops are indicated by what relative value of current 
on the ammeter (maximum or minimum)? 

How are voltage measurements made on coaxial lines? 

What are two of the uses of Lecher lines? 

Give three of the bad effects of standing waves. 


What is the relative magnitude of the impedance at the input end 
of a shorted quarter-wave line used as a metallic insulator? 


Why are metallic insulators not practical at the lower frequencies? 


Why may a wide variety of impedances be matched by means of 
& quarter-wave line shorted at one end? 
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CHAPTER 


ANTENNAS AND PROPAGATION 


PRINCIPLES OF RADIATION 
Fundamental Concepts 


A radio-frequency current flowing in a wire of finite length 
can produce electromagnetic fields that may be disengaged 
from the wire and set free in space. The principles of the 
radiation of electromagnetic energy are based on the laws 
that @ MOVING ELECTRIC FIELD CREATES A MAGNETIC FIELD 
and conversely, a moving magnetic field creates an electric 
field. The created field (either electric or magnetic) at 
any instant is in phase in time with its parent field, but is 
perpendicular to it in space. THESE LAWS HOLD TRUE 
WHETHER OR NOT A CONDUCTOR IS PRESENT. 

The electric (Z) and magnetic (H) fields are perpendicular 
to each other and perpendicular to the direction of motion 
through space. A right-hand rule may be applied that re- 
lates the directions of the £ field, the H field, and the prop- 
agation. This rule states that if the thumb, forefinger, and 
middle finger of the right hand are extended so that they are 
mutually perpendicular, the thumb will point in the direction 
of the electric field, the forefinger in the direction of the mag- 
netic field, and the middle finger in the direction of propaga- 
tion. 

In the instantaneous cross section of a radio wave shown 
in figure 11-1 the E lines represent the electric field and the 
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Figure 11-1.—Instantaneous cross section of a radio wave. 


H lines represent the magnetic field. If the right-hand 
rule is applied, the thumb points downward, representing the 
direction of the Z lines; the forefinger, to the left, representing 
the direction of the H lines; and the middle finger away from 
the observer, representing the direction of propagation. 

When r-f current flows through a transmitting antenna, 
radio waves are radiated from it in all directions in much 
the same way that waves travel on the surface of a pond into 
which a rock has been thrown. It has been found that these 
radio waves travel at a speed of approximately 186,000 miles 
per second (300 million meters per second). The frequency 
of the radio wave radiated by the antenna will be equal to 
the frequency of the r-f current. 

Since the velocity of the radio wave is constant regardless 
of its frequency, to find the wavelength (which is the distance 
traveled by the radio wave in the time required for one cycle) 
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it is necessary only to divide the velocity by the frequency of 
the wave— 

__ 300,000,000 

ae 


where ) is the distance in meters from the crest of one wave 
to the crest of the next, f the frequency in cycles per second, 
and 300,000,000 the velocity of the radio wave in meters per 
second. This relationship is important in radio communica- 
tions. It can also be expressed as 


» 


where f is in megacycles, \ is in meters, and 300 is the 
velocity of propagation of the radio wave in millions of 
meters per second. 

For example, the frequency of the current in a transmitting 
antenna that is radiating an electromagnetic wave having a 
wavelength of 2 meters is m, or 150 megacycles. Radio 
waves are usually referred to in terms of their frequency and 
are discussed in considerable detail later in this chapter. 

In figure 11-2 a piece of wire is cut in half and each half is 
attached to the terminals of a high-frequency a-c generator. 
The frequency of the generator output is chosen so that each 


iPr » 
half of the wire is one-quarter of the wavelength, zy corre- 


sponding to the generator frequency. The result is a com- 
mon type of antenna known as a DIPOLE and is shown in 
figure 11-2, A. 

At a given instant, the right-hand terminal of the generator 
is positive and the left-hand terminal is negative. Since like 
charges repel, electrons will flow away from the negative 
terminal as far as possible, while the positive terminal will 
attract electrons to it. Figure 11-2, B, shows the direction 
and distribution of electron flow at this instant. The cur- 
rent distribution curve indicates that the current flow is 
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Figure 11-¥.—Dipole antenna showing current and voltage distribution. 


greatest at the center of the dipole and zero at the ends. At 
any given point along the antenna, except at the ends, the 
current variation is assumed to be sinusoidal with respect to 
time (the generator voltage has sine waveform). The rela- 
tive current distribution is also sinusoidal with respect to the 
antenna length. Thus an r-f ammeter inserted near the 
center of the antenna will indicate a relatively large effective 
current and one inserted near the end will indicate a small 
effective current. The relative current distribution over the 
antenna will always be the same no matter how much or how 
little current is flowing, but the current amplitude at any 
given point on the antenna will vary directly with the amount 
of voltage developed at the generator terminals. 

The generator voltage initiates the flow of antenna current. 
The action of the antenna is partly like that of a capacitor. 
When a capacitor becomes fully charged its voltage is maxi- 
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mum and the charging current ceases. In figure 11-2, C, the 
antenna voltage near the ends is maximum at the instant 
that the charging current is zero. Although no current flows 
at this instant there is a maximum accumulation of electrons 
at the left end of the antenna and a deficit at the right end. 
Most of the charges are at the ends trying to get as far from 
the generator terminals as possible (like charges repel). The 
antenna voltage, like the antenna current, varies sinuso- 
idally with respect to time. Also the antenna voltage varies 
sinusoidally with respect to the antenna length. Thus an 
r-f voltmeter connected between ground and one end of the 
antenna indicates a relatively large effective (rms) voltage. 
As the end probe is moved toward the antenna center the 
effective voltage is decreased to a low value. The antenna 
has both distributed inductance and capacitance and acts 
like aresonant circuit. At the center the current and voltage 
are in phase with each other; in the antenna wire between the 
center and the ends they are out of phase. 

Summarizing: : 

1. A current having sine waveform flows in the antenna. 
Its distribution is sinusoidal, as shown in figure 11-2, B. 

2. A sinusoidal distribution of charge, as shown in figure 
11-2, C, exists on the antenna. Every half cycle the 
charges reverse position. 

3. The sinusoidal variation in charge (voltage) is out of 
phase with the sinusoidal variation in current by one- 
quarter of a cycle, or 90°, except at the center and the 
ends where the current and voltage are in phase. 


> 


Induction Field 


An alternating current flows in the antenna; therefore an 
alternating magnetic field, H, is set up around the antenna 
as shown at one instant in figure 11-3, A. Alternate positive 
and negative charges also appear on the antenna, causing an 
electric field (E in fig. 11-3, B) to be set up. This field is 
represented by lines of force drawn between the positive and 
negative charges (fig. 11-3, B). The arrow heads indicate 
the direction a unit positive charge would move at those 
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Figure 11-3.—Instantoneous field around an antenna. 


points. Because the current and voltage that produce these | 
fields are 90° out of phase the two fields must also be out of 
phase by 90°. Thus in spite of the fact that they are mutu- 
ally perpendicular, these fields do not constitute the radiated 
electromagnetic field that passes through space from the 
transmitting antenna to the receiving antenna. 

On the other hand, the magnetic and electric components 
of the radiated field are in phase with each other. The 
energy contained in the induction field cannot be detached 
from the antenna. The amplitude of the induction field 
energy varies inversely as the square of the distance from 
the antenna, and consequently its effect is entirely local. 
However, its effect must be considered in making field 
strength measurements of the radiation field in the vicinity 
of the antenna—that is, if only the field strength of the 
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radiation field is to be measured. At x wavelengths away 


from the antenna the field strengths of the two fields are 
equal. This distance is approximately one-sixth wavelength. 
At distances of a few wavelengths away from the antenna the 
induction field becomes negligible. 


Radiation Field 


Although both a magnetic field and an electric field are 
radiated into space simultaneously, only the electric field 
is considered at present. The charges producing the electric 
field are constantly moving from one end of the antenna to 
the other as the polarity of the voltage at the generator 
changes. At one instant, one end of the antenna is positive; 
an instant later the antenna is uncharged. A negative charge 
next appears where the positive charge was. Then the an- 
tenna is again uncharged, and the cycle repeats. 

In figure 11-4, A, electric flux lines are drawn between 
positive and negative charges. An instant later (fig. 11-4, 
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Figure 11-4.—Creation of closed electric flux lines on a half-wave antenna. 


B), the antenna is nearly discharged as the charges approach 
each other, thus bringing together the two ends of the flux 
lines associated with them. When the charges do touch, 
they seem to disappear, and their flux lines should also dis- 
appear. Most of the flux lines that represent the iInpuc- 
TION FIELD do disappear, but some flux is repelled by other 
lines nearer the antenna and, as in figure 11-4, C, the 
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repelled flux lines are left with their heads touching their 
tails. A closed electric field is thus created without an 
associated electric charge. 

An instant after the independent field has been formed, 
the antenna is charged again in the opposite direction and 
produces lines of force that repel the recently formed inde- 
pendent electric field. Figure 11-4, D, shows that the 
repelling field is of the proper polarity to do this. The 
radiated field is forced away from the antenna at the speed 
of light. 

As previously stated, a moving electric field generates 
a perpendicular magnetic field in phase with it. Therefore, 
because the radiated electric field is moving, it generates 
a magnetic field in accordance with this principle. The 
result is a radiated electromagnetic field that can travel 
great distances and deliver a usable part of its energy to a 
receiving antenna. 

In the preceding discussions, the magnetic field generated 
by the antenna current has been ignored as a factor in gener- 
ating the radiated field, but, by similar reasoning, magnetic 
lines of force may become detached from the antenna. 
Because the detached lines move away from the antenna, 
they generate a perpendicular in-phase electric field. The 
result is also a radiated electromagnetic field. 

The electromagnetic radiation from the antenna is thus 
apparently made up of two components—the electric gener- 
ated field and the magnetic generated field. These two 
fields can be shown to add and give a single sinusoidally 
varying radiated field. 

The strength of the radiated field varies inversely with 
the distance. 


Reception 


If a radiated electromagnetic field passes through a con- 
ductor, some of the energy in the field will set electrons in 
motion in the conductor. This electron flow constitutes 
a current that varies in accordance with the variations of 
the field. Thus, a variation of the current in a radiating 
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antenna causes a similar varying current (of much smaller 
amplitude) in a conductor at a distant location. Any 
imtelligence being produced as current in a transmitting 
antenna will be reproduced as current in a receiving antenna. 
‘The characteristics of receiving and transmitting antennas 
are similar, so that a good transmitting antenna is also a 
good receiving antenna. 


BASIC ANTENNA PRINCIPLES 
General 


An antenna is a conductor or system of conductors that 
serves to radiate or intercept energy in the form of electro- 
magnetic waves. In its elementary form an antenna, or 
aerial, may be simply a length of elevated wire like the 
common receiving antenna for an ordinary broadcast re- 
ceiver. However, for communication and radar work, other 
factors make the design of an antenna system a more com- 
plex problem. For instance, the height of the radiator 
above ground, the conductivity of the earth below it, and 
the shape and dimensions of an antenna all affect the 
radiated-field pattern in space. Also, the antenna radiation 
often must be directed between certain angles in either the 
horizontal or the vertical plane, or both. 

An antenna may be constructed to resemble a resonant 
two-wire line with the wires so arranged that the fields pro- 
duced by the currents in the wires add in some directions 
instead of canceling completely. Figure 11-5, A, shows one 
way to prevent cancellation of the fields by making the earth 
one conductor. This permits considerable separation of the 

conductors. In this manner the fields resulting from the 
current expand considerably farther into space than if the 
other conductor were nearby, and therefore can be detached 
from the radiating conductor by rapid reversals much more 
easily. Another way to accomplish the radiation is to spread 
the ends of the two-wire line as shown in figure 11-5, B, 
180° (as shown in fig. 11-5, C). The currents, which can- 
celed each other’s fields in figures 11-5, B, now aid in pro- 
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Figure 11-5.—Half-wave and multiple half-wave antennas. 


ducing a field in space (fig. 11-5, C) similar to that produced 
in figure 11-5, A. 

The antenna shown in figure 11-5, A, can be extended, 
as shown in figure 11-5, D. Current flowing to the right is 
represented by the positive portion of the current curve, 
and current flowing to the left (reflected from the right- 
hand end of the wire) is represented by the negative portion 
of the curve. Similarly, voltages at any point on the 
antenna are positive or negative with respect to ground 
according to the position of the voltage curve above or below 
the axis represented by the antenna. The effectiveness of 
such an antenna is not greatly increased by extending it 
horizontally close to the earth because currents flowing in 
opposite directions side by side produce canceling fields in 
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some directions. However, if the antenna extends vertically 
above the earth, it is possible to elevate the effective radia- 
tion field a greater distance by operating the antenna at 
some harmonic, such as the third, fifth, or seventh harmonic 
of the fundamental frequency. The result is that the inten- 
sity of the radiated field at various points in space is con- 
siderably changed when compared with the field of the 
simple dipole. 

Nonresonant lines also can be expanded to antennas, but 
they are not efficient radiators. Resonant conductors are 
more efficient radiators because they have large standing 
waves of voltage and current, and hence they produce 
intense fields with a minimum of generator current and 
voltage. Thus the antenna shown in figure 11-5, A, which 
is cut to an electrical half wavelength, also radiates other 
frequencies, but its effectiveness as a radiator diminishes as 
the standing waves of current and voltage decrease. 


Electrical Length 


If an antenna is made of very small wire and is isolated 
perfectly in space, its electrical length corresponds closely 
to its physical length. Thus, in free space, a 1-wavelength 
antenna for 10 meters would be 10 meters in length, and a 
half-wave length antenna for the same signal would be 5 
meters in length. In actual practice, however, the antenna 
is never isolated completely from surrounding objects. For 
example, the antenna will be supported by insulators whose 
dielectric constant is greater than 1. Therefore the velocity 
of the wave along the conductor is always slightly less than 
the velocity in space, and the physical length of the antenna 
will be correspondingly less (by about 5 percent) than the 
corresponding wavelength in space. The physical length, L, 
in feet, of a half-wave antenna for a given frequency is 
derived as follows: 

Since 
A_ 300 
Foy" 
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A= 


_300X3.26X0.95_ 468 


==> 


of of 


where f is the frequency in megacycles, 3.26 feet equal | 
meter, and 0.95 represents the velocity of the wave in the 
antenna compared to that in free space. This formula does 
not apply to antennas longer than one-half wavelength. 


L 


Antenna Input Impedance 


The antenna input impedance determines the antenna 
current at the feed point for a given value of r-f voltage at 
that point. The input impedance may be expressed mathe- 
matically by Ohm’s law for alternating current— 


E 
2=7) 


where Z is the antenna impedance and £ and I are the r-f 
voltage and current respectively. Impedance is also ex- 
pressed as 

Z=R+jX, 


where R and X are the input resistance and reactance 
respectively. 

In a half-wave antenna, the current is a maximum at the 
center and zero at the ends; whereas the voltage is a maxi- 
mum at the ends and minimum at the center. The imped- 
ance, therefore, varies along the antenna and is minimum at 
the center and a maximum at the ends. Thus, if energy is 
fed to a half-wave antenna at its center, it is said to be 
CENTER FED (current fed); if energy is fed at the ends it is 
said to be END FED (voltage fed). In the case of a half-wave 
antenna isolated in free space, the impedance is approxi- 
mately 73 ohms at the center and 2,500 ohms (allowing for 
losses) at the ends. The intermediate points have inter- 
mediate values of impedance. 

Figure 11-6, A, is a plot of the input resistance of center- 
fed antennas for various wavelengths. Resistance values 
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REACTANCE VS ELEMENT LENGTH 
Figure 11-6.—Impedance curves for a center-fed antenna. 


for both a thin and a thick antenna are plotted so that the 
effect of the diameter of the wire is apparent. In figure 
11-6, B, the reactance is plotted as a function of wavelength. 
The curves show that an antenna may be either inductive 
or capacitive depending on its length, and that abrupt 
changes of impedance occur at multiples of a half-wave- 
length. The points in figure 11-6, B, where the reactance 


325772 O—55 34 521 


curves cross zero indicate the resonant lengths of the antenna. 
Because the curves are plotted in terms of the free-space 
wavelength, the effect of the reduced velocity of the wave 
motion along the antenna is shown by the curves. For 
example, a half-wave antenna element is resonant only 
when it is less than the free-space half-wavelength. This 
foreshortening is caused by the increased capacitance asso- 
ciated with the elements. If the diameter of the radiator 
is large, for example ay the increased capacitance is greater 
than for a thin element. As a result, the large-diameter 
radiator is foreshortened more than the thin radiator. 

Figure 11-6 may be used to calculate the input impedance 
of center-fed antennas. For example, let it be required to 
find the impedance of a thin (diameter=355 
whose half length is five-eighths of the wavelength being’ 
fed to it. In this case the antenna is not fully resonant. 
The impedance includes both resistance and reactance. 
The fesistance is located on the proper curve halfway 





antenna 


between ; and a and is approximately 150 ohms. Similarly, 


the reactance is found to be capacitive and approximately 
1,100 ohms. The impedance in ohms is, 


Z=150—j1,100=1,110 Z—82.2°. 
Thus, for maximum transfer of energy to the antenna a 


feedline to a ” center-fed antenna in free space must be 
designed to present a conjugate impedance of 150+ 71,100= 
1,110 2+82.2°. In this case the feedline has a resistance 
of 150 ohms and an inductive reactance of 1,100 ohms. 
The input impedance of an antenna is affected by the 
presence of nearby conductors (for example, the rigging on 
ships). Any object that can be affected by the induction 
field will distort the field and also the antenna voltage and 
current distribution. Therefore, the input impedance will 
be changed, and necessary corrections must be made to 
obtain the best match to each antenna. Because this effect 


is almost always difficult if not impossible to calculate, 
corrections are usually determined empirically by trial-and- 
error methods. 

Radiation Resistance 


The antenna at the end of the transmission line is equiv- 
alent to a resistance that absorbs a certain amount of energy 
from the generator. Neglecting the losses that occur in the 
antenna, this is the energy that is radiated into space. The 
value of resistance that would dissipate the same power that 
the antenna dissipates is called the RADIATION RESISTANCE 
of the particular antenna. The power dissipated in a resistor 
is equal to /?R. Likewise, the power dissipated in (radiated 
from) and antenna is equal to the current (at the feed point) 
squared times the radiation resistance of the antenna. 

Figure 11-7 shows how the radiation resistance varies 
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Figure 11-7.—Radiation resistance of antennas in free space plotted against 
length. 


with antenna length, for an antenna in free space. For a 
half-wave antenna the radiation resistance is approximately 
73.2 ohms, measured at the current maximum, which is at 
the center of the antenna. For a quarter-wave antenna the 
radiation resistance measured at the current maximum is 
approximately 36.6 ohms. The radiation resistance is also 
affected somewhat by the height of the antenna above 
ground and by its proximity to nearby objects. Other 
small antenna losses are caused by the ohmic resistance of 
the conductor, corona discharge, and insulator losses. 
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Wave Polarization 


The position of a simple antenna in space determines the 
polarization of the emitted wave; that is, the direction of the 
electric lines of force determines the polarization of the wave. 
Thus, an antenna that is vertical with respect to the earth 
radiates a vertically polarized wave, while a horizontal 
antenna radiates a horizontally polarized wave. Figure 11-8, 
A, shows the vertical electric field component of a vertical 
antenna as a sine wave in the plane of the paper. Figure 
11-8, B, shows the horizontal electric field component of a 
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HORIZONTALLY POLARIZED WAVE 
Figure 11-8.—Vertical and horizontal polarization. 


horizontal antenna as a sine wave lying in a horizontal plane. 
The first wave is vertically polarized; the second, horizontally 
polarized. For low frequencies the polarization is not dis- 
turbed and the radiation field has the same polarization at 
the distant receiving station that it had at the transmitting 
antenna. At high frequencies, however, the polarization 
usually varies, sometimes quite rapidly, because the wave 
splits into several components which follow different paths. 
These paths will not be the same length; therefore the recom- 
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bined electric vectors representing the several components 
generally will not be parallel. If this is the case, the path 
traced by the point of the resultant vector may be circular 
or elliptical, and such a radiated field is known as either a 
CIRCULARLY OF &@N ELLIPTICALLY POLARIZED FIELD. 

When the antennas are close to the ground, vertically 
polarized waves yield a stronger signal close to the earth than 
do horizontally polarized waves. However, when the trans- 
mitting and receiving antennas are at least 1 wavelength 
above ground, the two types of polarization give approxi- 
mately the same field intensities near the surface of the earth. 
When the transmitting antenna is several wavelengths above 
ground, horizontally polarized waves result in a stronger 
signal close to the earth than is possible with vertical 
polarizatioh. 


Polar Diagrams 


The variation of signal strength around an antenna can 
be shown graphically by polar diagrams as in figure 11-9. 
Zero distance is assumed to be at the center of the chart 
(indicating the center of the antenna) and the circumference 
of the tangent circles is laid off in angular degrees. Com- 
puted or measured values of field strength then may be 
plotted radially in a manner that shows both magnitude and 
direction for a given distance from the antenna. Field 
strengths in the vertical plane are plotted on a semicircular 
polar chart (not shown in the figure) and are referred to as 
vertical polar diagrams. 


BASIC TYPES OF ANTENNAS 


Hertz Antenna 


Any antenna that is one-half wavelength long, or any 
even or odd multiple thereof, is a Hertz antenna and may be 
mounted either vertically or horizontally. A distinguishing 
feature of all Hertz antennas is that they need not be con- 
nected conductively to the ground, as are other antennas to 
be described. At the low and medium frequencies these 
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Figure 11-9.—Polar diagram of an antenna showing relative field strength, 


antennas are rather long and have little use in the Navy 
except at shore stations where there is room for them. 
Vertical half-wave and five-eighths wave antennas are widely 
used with a-m broadcasting stations and have been built to 
heights of 1,000 feet or more for the lower broadcast fre- 
quencies. At the medium and high frequencies they are used 
extensively in fixed service when operation is not required at | 
a large number of frequencies. This type of antenna is not | 
| 
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particularly suited to services where a large number of 
different and unrelated frequencies must be transmitted 
using the same antenna, such as aboard ship. 

Half-wave antennas showing two different methods of 
connecting the feedline together with the equivalent resonant 
circuits are shown in figure 11-10. For a half-wave dipole, 
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Figure 11-10.—Hertz antennas and equivalent circuits. 


the effective current is maximum at the center and minimum 
at the ends, while the effective voltage is minimum at the 
center and maximum at the ends. The voltage and current 
relationships are similar to those of the simple dipoles shown 


in figure 11-10. 
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Marconi Antenna 


A grounded antenna whose length is one-fourth wave or 
any odd multiple thereof is known as a Marconi antenna. 
Figure 11-11 illustrates the principle of a Marconi antenna 
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Figure 11-11.—Marconi antenna and image. 


mounted on the surface of the earth. The transmitter may 
be connected between the bottom of the antenna and the 
earth. Although the antenna is only one-quarter wavelength 
long, the reflection in the earth is equivalent to another 
quarter-wave antenna. By this arrangement half-wave 
operation can be obtained from an antenna only one-quarter 
wavelength long. The impedance, voltage, and current 
relationships are similar to those in a half-wave antenna 
except that the input impedance at the base of a Marconi 
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antenna is 36.6 ohms; whereas the input impedance of a 
Hertz antenna at the center is 73.2 ohms. 

The quarter-wave antenna is used extensively with 
portable transmitters. On an airplane a quarter-wave mast 
or trailing wire is the antenna, and the fuselage produces 
the image. Similar installations are made on ships. A 
quarter-wave mast or horizontal wire is the antenna, and 
the hull and superstructure provide the image. 

The effective current in the Marconi quarter-wave 
grounded antenna is maximum at the base and minimum at 
the top. The voltage is maximum at the top and minimum 
at the base. 


ANTENNA TUNING 


Aboard ship, antennas used for communications at the 
medium frequencies are not usually of the proper length 
to give optimum performance at the operating frequency. 
This condition exists because these antennas are all of 
standard size and shape or are installed in whatever space 
may be available for them and because they are each operated 
at more than one frequency. All equipment must be able to 
operate at any frequency within its tuning range. In this 
case, then, it is necessary to employ some means at the 
transmitter to adjust the antenna for reasonable efficiency 
at any frequency regardless of the physical dimensions or 
arrangement of any antennas that might be available. 

Since each transmitter is usually associated with only 
one antenna, which is of fixed length, the adjustment of the 
effective length of the antenna must be made by electrical 
means. This process is called ANTENNA TUNING and is 
accomplished by adding either inductance or capacitance 
to the antenna at the point where it is fed from the trans- 
mitter or transmission line, as shown in figure 11-12. Added 
inductance has the property of increasing the effective 
electrical length, while capacitance decreases it. In this 
manner the antenna can be made to respond as if it contained 
a whole number of quarter waves along its length. 
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Figure 11-12.—Methods of correcting the electrical length of a grounded 
antenna. 


By tuning the antenna properly, the standing waves are 
increased and the radiated energy is increased. 

Sometimes, particularly at low frequencies, it is not desir- 
able to make the quarter-wave grounded antenna the full 
physical quarter-wave in height shown in figure 11-13, A. 
Instead, it may be made shorter physically and then made 
the correct length electrically by top-loading it with a series 
inductor (fig. 11-13, B) or a parallel capacitor (fig. 11-13, 
C). 

If the antenna is slightly more than a quarter wavelength 
high, the input at the base will be inductive, requiring the 
addition of a capacitor in series with the feed to bring the 
antenna into resonance. 


RADIATION PATTERN FOR HALF-WAVE ANTENNAS 


Since the current is greatest at the center of a dipole, 
maximum radiation takes place at this point and practically 
no radiation takes place from the ends. If this antenna 
could be isolated completely in free space, the points of 
maximum radiation would be in a plane perpendicular to the 
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Figure 11-13.—Vertical quarter-wave antennas and methods of loading. 
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plane of the antenna at its center. The doughnut-shape) 
surface pattern is shown in figure 11-14, A, and the horizo: 
\ 
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Figure 11-14.—Radiation pattem of a dipole. 


tal cross-section pattern is shown in figure 11-14, B, Be- 
cause a circular field pattern is created, the field strength 
is the same in any compass direction. 

Theoretically a vertical dipole in free space has no vertical 
radiation along the direct line of its axis. However, it may 
produce a considerable amount of radiation at other angles 
measured to the line of the antenna axis. Figure 11-14, C, 
shows a vertical cross section of the radiation pattern of 
figure 11-14, A. The radiation along OA is zero; but at | 
another angle, represented by angle AOB, there is appreci- | 
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able radiation. At a greater angle, AOC, the radiation is 
still greater. Because of this variation in field strength 
pattern at different vertical angles, a field-strength pattern 
of a vertical half-wave antenna taken in a horizontal plane 
must specify the vertical angle of radiation for which the 
pattern applies. 

Figure 11-14, D, shows half of the doughnut pattern for a 
horizontal half-wave dipole. The maximum radiation takes 
place in a plane perpendicular to the axis of the antenna and 
crossing through its center. A polar diagram representing 
the radiation pattern of a horizontal dipole is shown in figure 
11-9. 


ANTENNA COUPLING 
A common method of coupling the shipboard communica- 


tions antenna to its associated transmitter is shown in figure 
11-15. The antenna tuning system is made up of the an- 





FINAL POWER 
AMPLIFIER STAGE a 


Figure 11-15.—Antenna coupling to transmitter. 


tenna coupling capacitor, C1; the antenna tuning inductor, 
1; the antenna tuning capacitor, C2; and the antenna feed 
switch, S1. The d-c blocking capacitor, C3, is connected in 
series with the antenna coupling capacitor, C1, to protect the 
antenna system from d-c potentials that might be occasioned 
by damage or voltage breakdown of the variable antenna 
coupling capacitor Cl. The antenna tuning capacitor, C2, 
is variable, and is operated in one of two circuit arrange- 


533 


ments. With S1 in position P, capacitor C2 is connected in 
parallel with Z1, and the antenna is voltage (or shunt) fed. 
With S1 in position S, capacitor C2 is connected in series 
with Z1 and the antenna is current (or series) fed. 

The antenna system is tuned by first adjusting C1 to 
minimum coupling and tuning the final power amplifier stage 
to resonance. Then capacitor C2 and inductor Z1 are tuned 
for antenna resonance. The antenna now appears as a 
pure resistance to the final amplifier. The capacitance of 
C1 is then increased in small steps until the required loading 
of the final amplifier is obtained. However, each time the 
coupling capacitor is changed the final amplifier and antenna 
tuning circuit L1, C2 must be returned to resonance. Care 
must be taken not to overcouple with Cl. After the final 
amplifier and the antenna circuit are resonated, the load on 
the final amplifier is purely resistive, and the maximum 
transfer of energy from the final amplifier to the antenna is 
obtained. 


PROPAGATION OF RADIO WAVES 
Radio Wave 


When a radio wave leaves a vertical antenna the field 
pattern of the wave resembles a huge doughnut lying on the 
ground with the antenna in the hole at the center. Part of 
the wave moves outward in contact with the ground to form 
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Figure 11-16.—Formation of the ground wave and sky wave. 
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the GROUND WAVE, and the rest of the wave moves upward 
and outward to form the sky WAVE, as shown in figure 11-16. 
The ground and sky portions of the radio wave are responsi- 
ble for two different methods of carrying the messages from 
transmitter to receiver. The ground wave is used both for 
short-range communication at high frequencies with low 
power, and for long-range communications at low frequencies 
with very high power. Daytime reception from most nearby 
commercial stations is carried by the ground wave. 

The sky wave is used for long-range, high-frequency day- 
light communication. At night, the sky wave provides a 
means for long-range contacts at somewhat lower frequencies. 


Ground Wave, 


The ground wave is commonly considered to be made up 
of two parts, a surface wave and a space wave. The surface 
wave travels along the earth’s surface. 

The space wave travels in the space immediately above the 
earth’s surface in two paths—one directly from transmitter 
to receiver and the other a path in which the space wave is 
reflected from the ground before it reaches the receiver. 
Since the space wave follows two paths of different lengths, 
the two components may arrive in or out of phase with each 
other. Thus as the distance from the transmitter is changed, 
these two components may add or they may cancel. Neither 
of these component waves is affected by the reflecting layer 
of atmosphere high above the earth’s surface called the 
IONOSPHERE. 

The space-wave part of the ground wave becomes more 
important as the frequency is increased or as the transmitter 
and receiver antenna height is increased. When the trans- 
mitting and receiving antennas are both close to the ground, 
the space wave components cancel. This is true because the 
ground-reflected component is shifted 180° in phase upon 
reflection, has the same magnitude as the direct component, 
and travels a path of approximately the same length as that 
of the direct component. Thus the surface-wave part of the 
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ground wave is responsible for most of the daytime broadcast 
reception. 

As it passes over the ground, the surface wave induces 
a voltage in the earth, setting up eddy currents. The energy 
to establish these currents is absorbed from the surface wave, 
thereby weakening it as it moves away from the transmitting 
antenna. Increasing the frequency, rapidly increases the 
attenuation so that surface-wave communication is limited 
to relatively low frequencies. 

Shore-based transmitters are able to furnish long-range 
ground-wave communication by using frequencies between 
about 18 and 300 ke with extremely high power. 

Since the electrical properties of the earth along which 
the surface wave travels are relatively constant, the signal 
strength from a given station at a given point is nearly con- 
stant. This holds true in nearly all localities except those 
that have distinct rainy and dry seasons. There the dif- 
ference in the amount of moisture causes the soil’s conduc- 
tivity to change. 

The conductivity of salt water is 5,000 times as great as 
that of dry soil. The superiority of surface-wave conduc- 
tivity by salt water is the reason that high-power, low- 
frequency transmitters are located as close to the edge of 
the ocean as practicable. 


Sky Wave 


That part of the radio wave that moves upward and out- 
ward and that is not in contact with the ground is called the 
SKY WAVE. It behaves differently from the ground wave. 
Some of the energy of the sky wave is refracted (bent) by 
the ionosphere so that it comes back toward the earth. A 
receiver located in the vicinity of the returning sky wave 
will receive strong signals even though several hundred miles 
beyond the range of the ground wave. 


lonosphere 


The ionosphere is found in the rarefied atmosphere ap- 
proximately 40 to 350 miles above the earth. It differs from 
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the other atmosphere in that it contains a much higher num- 
ber of positive and negative ions. The negative ions are 
believed to be free electrons. The ions are produced by the 
ultraviolet and particle radiations from the sun. The rota- 
tion of the earth on its axis, the annual course of the earth 
around the sun, and the development of sun spots all affect 
the number of ions present in the ionosphere, and these in 
turn affect the quality and distance of radio transmission. 

The ionosphere is constantly changing. Some of the ions 
are recombining to form neutral atoms, while other atoms 
are being ionized by the removal of electrons from their outer 
orbits. The rate of formation and recombination of ions 
depends upon the amount of air present, and the strength of 
the sun’s radiations. 

At altitudes above 350 miles, the particles of air are too 
sparse to permit large-scale ion formation. Below about 40: 
miles altitude, only a few ions are present because the rate 
of recombination is too high. The sun’s ultraviolet radia- 
tions have been absorbed in their passage through the upper 
layers of the ionosphere with the result that below an eleva- 
tion of 40 miles too few ions exist to affect materially sky- 
wave communication. 

Different densities of ionization at different heights make 
the ionosphere appear to have layers. Actually there is 
thought to be no sharp dividing line between layers, but for 
the purpose of discussion a sharp demarcation is indicated. 

The ionized atmosphere at an altitude of between 40 and 
50 miles is called the D tayer. Its ionization is low and it 
has little effect on the propagation of radio waves except for 
the absorption of energy from the radio waves as they pass 
through it. The D layer is present only during the day. Its 
presence greatly reduces the field intensity of transmissions 
that must pass through daylight zones. 

The band of atmosphere at altitudes between 50 and 90 
miles contains the so-called E tayer. It is a well-defined 
band with greatest density at an altitude of about 70 miles. 
This layer is strongest during the daylight hours, and is 
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also present but much weaker at night. The maximum 
density of the EZ layer appears at about noon local time. 

The ionization of the E layer at the middle of the day is 
sometimes sufficiently intense to refract frequencies up to 
20 megacycles back to the earth. This action is of great 
importance to daylight transmissions for distances up to 
1,500 miles. 

The F tayer extends approximately from the 90-mile 
level to the upper limits of the ionosphere. At night only one 
F layer is present; but during the day, especially when the 
sun is high, this layer often separates into two parts, F, and 
F;, as shown in figure 11-17. As a rule the F; layer is at its 





NIGHT DAY 
Figure 11-17.—E layer and F layer of the ionosphere. 


greatest density during early afternoon hours, but there are 
many notable exceptions of maximum F, density existing 
several hours later. Shortly after sunset the F, and F; layers 
recombine into a single F layer. 

In addition to the layers of ionized atmosphere that 
appear regularly, erratic patches of ionized atmosphere occur 
at H-layer heights in the manner that clouds appear in the 
sky. These patches are referred to as sporapic-£ ionizations. 
They are often present in sufficient number and intensity to 
enable good v-h-f radio transmission over distances not 
normally possible. 

Sometimes sporadic ionizations appear in considerable 
strength at varying altitudes and actually prove harmful 
to radio transmissions. 


538 


Effect of the lonosphere on the Sky Wave 


The ionosphere acts as a conductor, and absorbs energy 
in varying amounts from the radio wave. The ionosphere 
also acts as a radio mirror and refracts (bends) the sky wave 
back to the earth, as illustrated in figure 11-18. 





® (B) 
Figure 11-18,—Refraction of the sky waves by the ionosphere. 


The ability of the ionosphere to return a radio wave to 
the earth depends upon the angle at which the sky wave 
strikes the ionosphere, the frequency of the transmission, 
and the ion density. 

When the wave from an antenna strikes the ionosphere 
the wave begins to bend. If the frequency is correct (the 
ionosphere is suffiently dense and the angle is proper), the 
wave will eventually emerge from the ionosphere and return 
to the earth. If a receiver is located at either of the points B 
in figure 11-18, the transmission from point A will be 
received. The antenna height in the figure is not drawn to 
scale. The tallest antennas are not over 1,000 feet in height. 

For example the sky wave in figure 11-19 is assumed to be 
composed of rays that emanate from the antenna in three 
distinct. groups that are identified according to their angle 
of elevation. The angle at which the group-1 rays strike 
the ionosphere is too nearly vertical for the rays to be 
returned to the earth. The rays are bent out of line, but 
pass completely through the ionosphere and are lost. 
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Figure 11-19.—Effect of the angle of aeparure on the area of reception 


The angle made by the group-2 rays is called the crrTIcAL 
ANGLE for that frequency. Any ray that leaves the antenna 
at an angle greater than this angle (@) will penetrate the 
ionosphere. 

Group-3 rays strike the ionosphere at the smallest angle 
that will be refracted and still return to the earth. At any 
smaller angle the rays will be refracted but will not return 
to the earth. 

As the frequency increases, the critical angle decreases. 
Low-frequency fields can be projected straight upward and 
will be returned to the earth. The highest frequency that 
can be sent directly upward and still be returned to the 
earth is called the criTICAL FREQUENCY. At sufficiently 
high frequencies, regardless of the angle at which the rays 
strike the ionosphere, the wave will not be returned to the 
earth. The critical frequency is not constant but varies 
from one locality to another, with the time of day, with the 
season of the year, and with the sunspot cycle. 

Because of this variation in the critical frequency, nomo- 
grams and frequency tables are issued that predict the 
maximum usable frequency (MUF) for every hour of the 
day for every locality in which transmissions are made. 

Nomograms and frequency tables are prepared from data 
obtained experimentally from stations scattered all over the 
world. All this information is pooled, and the results are 
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tabulated in the form of long-range predictions that remove 
most of the guess work from radio communication. 

In the example in figure 11-19 the area between points B 
and C will receive the transmission by way of the refracted 
sky wave. The area between points A and F will receive the 
transmission by ground wave. All receivers located in the 
SKIP ZONE between points & and B will receive no trans- 
missions from point A, because neither the sky wave nor the 
ground wave reaches this area. 


Effect of Daylight on Wave Propagation 


The increased ionization during the day is responsible for 
several important changes in sky-wave transmission. It 
causes the sky wave to be returned to the earth nearer to 
the point of transmission. The extra ionization increases 
the absorption of energy from the sky wave; if the wave 
travels a sufficient distance into the ionosphere, it will lose 
all of its energy. The presence of the F, and £ layers with 
the F, layer make long-range, high-frequency communica- 
tions possible, provided the correct frequencies are used. 

Absorption usually reduces the effective daylight communi- 
cation range of low-frequency and medium-frequency trans- 
mitters to surface-wave ranges. 


High-Frequency Long-Range Communications 


The high degree of ionization of the F; layer during the 
day, enabling refraction of high frequencies which are not 
greatly absorbed, has an important effect on transmissions of 
ure 11-20 shows how the F, 


the high-frequency band. Fig’ 





Figure 11-20.—Effect of the F: layer on transmission of high-frequency signals. 
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layer completes the refraction and returns the transmissions 
of these frequencies to the earth, thereby making possible 
long-range high-frequency communication during the day- 
light hours. 

The waves are partially bent in going through the E layer 
and the F; layer, but are not returned to the earth until the 
F, layer completes the refraction process. V-h-f waves pass 
directly through the ionosphere. 

The exact frequency to be used to communicate with 
another station depends upon the condition of the iono- 
sphere and the distance between stations. Since the iono- 
sphere is constantly changing, the nomograms and frequency 
tables are used to select the correct frequency for the desired 
distance and for the time of day the transmission is to be 
made. 

Multiple Refraction 


The radio wave may be refracted many times between 
the transmitter and receiver locations, as shown in figure 





Figure 11-21.—Multiple refraction and reflection of a sky wave. 


11-21. In this example the radio wave strikes the earth 
at location A, with sufficient intensity to be reflected back 
to the ionosphere and there to be refracted back to the earth 
asecond time. Frequently a sky wave has sufficient energy 
to be refracted and reflected several times, thus greatly 
increasing the range of transmission. Because of this so- 
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called MULTIPLE-HOF transmission, transoceanic and around- 
the-world transmission is possible with moderate power. 


Fading 


Fading is a term used to describe the variations in signal 
strength that occur at the receiver during the time a signal 
is being received. There are several reasons for fading; 
some are easily understood while others are more complicated. 

One cause is probably the direct result of interference 
between single-hop (fig. 11-18) and double-hop transmis- 
sions (fig. 11-21) occurring simultaneously from the same 
source. If the two waves arrive in phase, the signal strength 
will be increased, but if the two waves arrive in phase opposi- 
tion (180° out of phase), they will cancel each other, and 
the signal will be weakened. 

Interference fading also occurs where the ground wave 
and sky wave come in contact with each other. This type 
of fading becomes severe if the two waves are approximately 
equal in strength. Fluctuations in the sky wave with a 
steady ground wave can cause worse fading than sky-wave 
transmission alone. 

Variations in absorption and in the length of the path in 
the ionosphere are also responsible for fading. Occasion- 
ally, sudden disturbances in the ionosphere cause complete 
absorption of all sky-wave radiations. 

Receivers located near the outer edge of the skip zone 
are subjected to fading as the sky wave alternately strikes 
and skips over the area. This type of fading sometimes 
causes the received signal strength to fall to nearly the 
zero level. 


Frequency Blackouts 


Frequency blackouts are closely related to certain types 
of fading, some of which are severe enough to completely 
blank out the transmission. 

Changing conditions in the ionosphere shortly before sun- 
rise and shortly after sunset may cause complete blackouts 
at certain frequencies. The higher frequency signals pass 
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through the ionosphere while the lower frequency signals 
are absorbed by it. 

Tonospheric storms (turbulent conditions in the ionosphere) 
often cause radio communication to become erratic. Some 
frequencies will be completely blacked out, while others may 
be reinforced. Sometimes these storms develop in a few 
minutes, and at other times they require as much as several 
hours to develop. A storm may last several days. 

When frequency blackouts occur, the operator must be 
alert if he is not to lose contact with other ship or shore 
stations. In severe storms the critical frequencies are much 
lower, and the absorption in the lower layers of the ionosphere 
is much greater. 


V-H-F and U-H-F Communication 


In recent years there has been a trend toward the use of 
frequencies above 30 megacycles for short-range ship-to-ship 
and ship-to-airplane communications. 

Early concepts suggested that these transmissions traveled 
in straight lines. This leads to the assumption that the 
u-h-f transmitter and receiver must be within sight of each 
other in order to supply radio contact. 

Extensive use and additional research show the early 
“line-of-sight” theory to be frequently in error because radio 
waves of these frequencies may be refracted. The receiver 
does not always have to be in sight of the transmitter. 
Although this type of transmission still is called Linr-or- 
SIGHT transmission, it is better to call it v-h-f and u-h-f 
transmission. 

In general the v-h-f and u-h-f waves follow approximately 
straight lines, and large hills or mountains cast a radio 
shadow over these areas in the same way that they cast a 
shadow in the presence of light rays. A receiver located 
in a radio shadow will receive a weakened signal and in some 
cases, no signal at all. Theoretically, the range of contact 
is the distance to the horizon, and this distance is determined 
by the heights of the two antennas. However, as stated 
previously, communication is sometimes possible many 
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hundreds of miles beyond the assumed horizon range. This 
fact must be observed when transmission is to occur under 
conditions of radio security. 


Effect of Atmosphere on High-Frequency Transmissions 


Unusual ranges of v-h-f and u-h-f contacts are caused by 
abnormal atmospheric conditions a few miles above the 
earth. Normally the warmest air is found near the surface 
of the water. The air gradually becomes cooler as the 
altitude increases. Sometimes unusual situations develop 
where warm layers of air are found above cooler layers. 
This condition is known as temperature inversion. 

When a temperature inversion exists, the amount of 
refraction (index of refraction) is different for the particles 
trapped within the boundaries than it is for those outside 
them. These differences form channels or ducts that will 
conduct the radio waves many miles beyond the assumed 
normal range. 

Sometimes these ducts are in contact with the water and 
may extend a few hundred feet into the air. At other times 
the duct will start at an elevation of between 500 and 1,000 
feet and extend an additional 500 to 1,000 feet in the air. 

If an antenna extends into the duct or if the wave enters 
a duct after leaving an antenna, the transmission may be 
conducted a long distance. An example of this type of 
transmission of radio waves in ducts formed by temperature 
inversions is shown in figure 11-22 





Figure 11-22.—Duect effect in high-frequency transmission. 
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With certain exceptions ducts are formed over water where 
the following conditions are observed aboard ship: 

1. A wind is blowing from land. 

2. There is & stratum of quiet air. 

3. There are clear skies, little wind, and high barometric 
conditions. 

4. A cool breeze is blowing over warm open ocean, espe- 
cially in the tropic areas and in the trade-wind belt. 

5. Smoke, haze, or dust fails to rise, but spreads out 
horizontally. 

6. The moisture content of the air at the bridge is con- 
siderably less than at the sea’s surface. 

7. The temperature at the bridge is a few degrees higher 
than at the surface of the water. 

8. The received signal is fading rapidly. 


General Use of Frequencies 


Each frequency band has its own special uses. These 
uses depend upon the nature of the waves—surface, sky, or 
space, and the effect that the sun, the earth, the ionosphere, 
and the earth’s atmosphere have upon them. 

It is difficult to establish fixed rules for the choice of a fre- 
quency for a particular purpose. Some general statements 
can be made however as to which frequency bands are best 
suited to the type of transmission to be made. 

For example, if a long-range communication is to get 
through to a distant receiver, high power and low frequency 
should be used. The large international communication 
systems and the large Fox stations use this combination of 
high power and low frequency. However, this combination 
requires an antenna array that may be too large for use with 
shipboard transmission. An alternative is to transmit the 
message to the nearest shore station for relay to its desti- 
nation. 

The sky wave builds up to a peak of usefulness in the h-f 
band. At night the peak of daytime usefulness is in the top 
third of the m-f band. The usefulness of the ground, or 
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surface, wave declines steadily as the higher frequencies are 
reached until it is of no value in the h-f band. The only 
means of radio communication in the v-l-f band and for a 
limited range above the v-l-f band is the space wave com- 
ponent of the ground wave. 

Sky-wave transmission (1,600 to 30,000 kc) is almost 
always associated with skip distances. Great range can be 
obtained, but in the process many receiving stations may be 
skipped in between the source and the most remote point 
where the signal is to be received. Thus one of the receiving 
stations to which it is most desired to get the signal may be 
skipped if the receiving station is located within any one of 
the skip zones associated with the frequency being trans- 
mitted. 

The most important frequencies for long-range transmis- 
sion are those from 2,000 to 18,000 ke (2 to 18.1 mc). This- 
band is standard for long-distance naval communications 
from ship to ship and ship to shore. It is the band that is 
used most frequently and the one that is covered by the 
standard Navy transmitters such as the TBK, TBL, and 
TBM. The band is in the short-wave region, and transmis- 
sions are accomplished by means of the sky wave and are 

affected by skip distances. When long range is desired in 
daytime the frequencies that should be used are approxi- 
mately from 7 megacycles to 18 megacycles. For night 
communications, frequencies below about 10 or 15 mega- 
cycles should be used. 

Nonregistered Publications Memoranda (NRPM’s), which 
are supplied to the various ships of the Navy, contain tables 
that show the best frequencies within the band for communi- 
cation with various shore stations. These tables give the 
recommended frequency for every hour of the day for dis- 
tances varying from 250 to 5,000 miles for some stations. 
The direction of the receiving station from the ship trans- 
mitting the signals is also taken into account. NRPM’s 


cover a 3-month period with a separate table for each month 
and for each major shore station. 
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10. 
11. 


12. 


13. 


14. 


15. 


16. 


17. 
18. 


QUIZ 


. State a basic principle of the radiation of electromagnetic energy 


that pertains to a moving electric field and its associated magnetic 
component; also to a moving magnetic field and its associated elec- 
tric field component. 

State the formula for the wavelength of an electromagnetic wave 
in free space in terms of the frequency of the radiating source and 
the speed of the wave. (Assume the wavelength is in meters and 
the frequency is in megacycles.) 


. If the r-f generator supplying a tuned dipole antenna has a voltage 


output of sine waveform, what is the waveform of the antenna cur- 
rent distribution with respect to the length of the dipole? 


. At what approximate distance in wavelengths from an antenna 


does the induction field become negligible? 


. How does the strength of the radiated field vary with distance? 
. Why are resonant conductors more efficient radiators than non- 


resonant conductors? 


. What is the relative velocity of the radio wave in an antenna com- 


pared to that of the wave in free space? 


. What determines the magnitude of the antenna current at the 


feedpoint for a given r-f voltage at that point? 


. Why is a large-diameter radiator physically shorter than a small- 


diameter radiator, assuming the same resonant frequency in both 
cases? 


Define radiation resistance. 


What is the approximate radiation resistance of each of the follow- 
ing current-fed antennas? 

a. Half-wave 

b. Quarter-wave 

What are some of the smaller losses that are found in an antenna 
system? 

What is the relative position of a simple radiating antenna with 
respect to the electric lines of the radiated wave? 


When the transmitting antenna is several wavelengths above 
ground, which type of polarization gives the stronger signal close 
to the earth? 


What are the distinguishing characteristics of a Hertz antenna? 
What are the distinguishing characteristics of a Marconi antenna? 
How may an antenna of fixed length be “lengthened” electrically? 
How may an antenna be “shortened” electrically? 


548 


19. 


20. 


21. 
22. 


23. 


24, 


25. 


26, 


27. 


28, 
29, 


In figure 11-15, what type of impedance (R, Xz, or X¢c) is offered 
to the final amplifier tank when the coupling circuits are properly 
adjusted? 

When the transmitting and receiving antennas are close to the 
ground, why will the direct component and the ground-reflected 
component of the space wave cancel? 

Why is surface-wave reception limited to relatively low frequencies? 
What is the relative number of positive and negative ions that 
exist in the ionosphere compared with the number contained in 
other portions of the earth’s atmosphere? 

What is the layer designation of that portion of the ionized atmos- 
phere having an altitude of between 40 and 50 miles that is present 
only during the day? 

Upon what three factors does the ability of the ionosphere to re- 
turn a radio wave to the earth depend? 

As the frequency increases, what happens to the critical angle made 
by the group-2 rays of figure 11-19? 

What is the effect on the range of low- and medium-frequency day- 
light communications, of increased absorption of energy from the 
sky wave with increase in ionization? 

Which layer of the ionosphere makes possible long-range high- 
frequency communications during daylight hours? 

Are v-h-f and u-h-f always limited to line-of-sight transmission? 


Describe the atmospheric condition known as temperature in- 
version. 


. What is the effect of a temperature inversion a few miles above the 


earth on the range of v-h-f and u-h-f transmissions? 
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CHAPTER 





ELEMENTARY COMMUNICATIONS 
RECEIVERS 


INTRODUCTION 


Many of the principles, circuits, and components discussed 
in previous chapters are directly applicable to radio receivers. 
A basic knowledge of them is therefore assumed in treating 
the material included in this chapter. 

At the radio transmitter.the carrier frequency is modulated 
by the desired signal, which may consist of coded characters, 
voice, music, or other types of signals. AMPLITUDE MODU- 
LATION (a-m) occurs if the signals cause the amplitude of 
the carrier to vary. FREQUENCY MODULATION (f-m) occurs 
if the signals cause the frequency of the carrier, or center 
frequency, to vary. Although there are other types of modu- 
lation, only a-m and f-m will be treated in this chapter. 

The r-f carrier wave with the modulating signal impressed 
upon it is transmitted through space as an electromagnetic 
wave to the antenna of the receiver. As the wave passes 
across the receiving antenna, small a-c voltages are induced 
in the antenna. These voltages are coupled into the receiver 
via the antenna coupling coil. The function of the receiver 
is to select the desired carrier frequency from those presetit 
in the antenna circuit and to amplify the small a-c signal 
voltage. The receiver then removes the carrier by the 
process of detection (rectification and the removal of the r-f 
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component) and amplifies the resultant audio signal to the 
proper magnitude to operate the loudspeaker or earphones. 

Three major types of radio receivers are reviewed in this 
chapter—the TUNED-RADIO-FREQUENCY (t-r-f) receiver, the 
SUPERHETERODYNE receiver, and the FREQUENCY-MODUI.A- 
TION (f-m) receiver. The a-m and f-m superheterodyne re- 
ceivers are often combined in one set, because many of the 
circuit components are common to both types of receivers. 


T-R-F RECEIVERS 
Operating Principle 


The tuned-radio-frequency receiver, generally known as 
the t-r-f receiver, consists of one or more r-f stages, a de- 
tector stage, one or more a-f stages, a reproducer, and the 
necessary power supply. A block diagram of a t-r-f receiver 
is shown in figure 12-1. The waveforms that appear in the 
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Figure 12-1.—Block diagram of a t-1-f receiver and waveforms, 


respective sections of the receiver are shown below the 
block diagram. 

The amplitude of the a-m signal at the input of the receiver 
is relatively small because it has been attenuated in the space 
between the transmitter and the receiver. It is composed of 
the carrier frequency and the modulation envelope. The r-f 
amplifier stages amplify the waveform, but they do not 
change its basic shape if the circuits are operating properly. 
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The detector rectifies and removes the r-f component of the 
signal. The output of the detector is a weak signal made 
up only of the modulation component, or envelope, of the 
incoming signal. The a-f amplifier stages following the de- 
tector increase the amplitude of the a-f signal to a value 
sufficient to operate the loudspeaker or earphones. 


Components 

R-F sECTION.—The ANTENNA-GROUND SYSTEM serves to 
introduce the desired signal into the first r-f amplifier stage 
via the antenna coupler transformer. For best reception 
the resistance of the antenna-ground system should be low. 
The aerial should also be oi the proper length for the band 
of frequencies to be received; and the antenna impedance 
should match the input impedance of the receiver. The 
gain of most commercial receivers, however, is generally, 
sufficient to make these values noncritical. 

The R-F AMPLIFIERS in the t-r-f receiver have tunable 
tanks in the grid circuits. Thus, the receiver may be tuned 
so that only one r-f signal within its tuning range is selected 
for amplification. When the tank is tuned to the desired 
frequency, it resonates and produces a relatively large cir- 
culating current. The grid of the r-f amplifier then receives 
a relatively large signal voltage at the resonant frequency, 
and minimum signals at other frequencies. 

The relative ability of a receiver to select one particular 
frequency and to reject ell others is called the ssLectivity 
of the receiver. The relative ability of the receiver to am- 
plify small signal voltages is called the sensrriviry of the 
receiver. Both of these values may be improved by increas- 
ing the number of r-f stages. When this is done, the tuning 
capacitors in the grid tank circuits are usually ganged on 
the same shaft and trimmers are added in parallel with each 
capacitor to make the stages track at the same frequency. 
In addition, the outer plates of the rotor sections of the 
capacitors are sometimes slotted to enable more precise 
alignment throughout the tuning range. 

Tetrodes or pentodes are generally used in r-f amplifiers 
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ecause, unlike triodes, they do not usually require neutrali- 
ation. They also have higher gain than triodes. 

A typical r-f amplifier stage employing a pentode is shown 
a figure 12-2. Tuned circuit Z2C1 is inductively coupled 
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Figure 12-2.—R-f amplifier stage. 


to Li, the antenna coil. Ri and C3 provide a smooth 
operating bias for the tube. C4 and R2 are the screen bypass 
capacitor and dropping resistor, respectively. The tuned 
circuit, L4C6, couples the following stage inductively to L3. 
Both transformers are of the air-core type. The dotted lines 
indicate mechanical ganging of C1 and C6 on the same shaft. 
The tuning capacitor in the next stage is also ganged on the 
same shaft. 

If it is desired to cover more than one frequency range, 
additional coils having the proper inductance are used. 
They are sometimes of the plug-in variety, but more generally 
they are mounted on the receiver and their leads are con- 
nected to a multicontact rotary switch. The latter method 
is preferable for BAND SWITCHING because the desired band 
can be selected simply by turning the switch. The same 
tuning capacitor is used for each band. However, when 
band switching is employed, the trimmers are connected 
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across the individual tuning inductors and not across tht 
main tuning capacitors. 

When two or more amplifier stages are supplied from s 
common B supply, feedback occurs as a result of commot 
coupling between the plate circuits, and some method of. 
decoupling must be employed. The coupling consists of the 
internal impedance of the source of plate voltage. The 
feedback may either increase or decrease the amplification 
depending on the phase relation between the input voltage 
and the feedback voltage. In a multistage amplifier the | 
greatest transfer of feedback energy occurs between the 
final and first stages because of the high amplification through 
the multistage amplifier. 

The effects of feedback are important if the feedback volt- 
age coupled into the plate circuit of the first stage is appreci- 
able compared to the signal voltage that would be developed ( 
if feedback did not exist. For example, a three-stage resist- 
ance-coupled amplifier may develop a feedback voltage 
(coupled via the B supply into the plate circuit of stage 1) 
which is in phase with the signal voltage of stage 1 and hence 
may cause oscillations to be set up. In audio amplifiers 
having high gain and a good low-frequency response this 
regeneration causes a low-frequency oscillation known as 
“motorboating”’ because of the “putt-putt’’ sound in the 
speaker. 

Decoupling circuits are designed for both r-f and a-f 
amplifiers to cbunteract feedback. Thus, in the r-f amplifier 
in figure 12-2, C5 and R3 make up the decoupling circuit. 
R3 offers a high impedance to the signal current, but C5 
offers a low impedance. Consequently the signal current is 
shunted to ground around the B supply. Since R3 also 
offers a high resistance to d-c current, it may be replaced by 
a choke coil having a high impedance only to the signal 
current. Each stage is similarly equipped with a decoupling 
circuit. 

A mechanical or an electrical bandspread may be used as 
an aid in separating stations that are crowded together on 
the tuning dial. MrcHANICAL BANDSPREAD is simply a 
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micrometer arrangement to reduce the motion of the capaci- 
tor rotor as the tuning knob is turned. When eLectrRIcaL 
BANDSPREAD is used a small variable capacitor is connected 
in parallel with the tuning capacitor. Because of its small 
size, this variable capacitor may be moved a considerable 
amount before it causes an appreciable change in the fre- 
quency of the tuned circuit. If the tuning capacitors are 
ganged, the bandspread capacitors are also ganged. 

Derecror.—The process of removing the intelligence 
component of the modulated wave from the r-f carrier is 
called DETECTION or DEMODULATION. In the a-m system 
the audio or intelligence component causes both the positive 
and the negative half cycles of the r-f wave to vary in ampli- 
tude. The function of the detector is to rectify the modu- 
lated signal. A suitable filter eliminates the remaining r-f 
pulses and passes the audio component on to the a-f amplifiers. 

Details of the various methods of detection are treated in 
chapter 8. Each of the several methods that might be used 
in the t-r-f receiver have certain inherent weaknesses. For 
example, the diode detector requires several stages of ampli- 
fication ahead of the detector. It loads its tuned input 
circuit, and therefore the sensitivity and selectivity of the 
circuit are reduced. However, it can handle strong signals 
without overloading, and its linearity is good. 

The grid-leak detector is sensitive (and therefore requires 
fewer stages of amplification), but it has poor linearity and 
selectivity and it may be overloaded on strong signals. 

The regenerative detector is very sensitive and has excellent 
selectivity, but it has poor linearity and easily overloads on 
strong signals. 

The circuit shown in figure 12-3 employs plate detection. 
It has medium sensitivity and the ability to handle strong 
signals without overloading. The selectivity of this circuit 
is excellent, but because the 7,-e, graph is curved near the 
cutoff point (where the plate detector operates) some distor- 
tion in the output cannot be avoided. 

In figure 12-3, the tube is biased nearly to cutoff by the 
average plate current that flows through R1. This average 
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value increases as the signal strength increases. On positive 
half cycles of the incoming signals the plate current varies 
with the amplitude of the modulating wave and produces the 
desired a-f output voltage. On negative half cycles no 
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C3, because the time constant of R1C3 is long compared with 
the time for the lowest a-f cycle. 

The r-f pulses are filtered out by means of a low-pass filter 
(consisting of (4, L2, and C5), which rejects the r-f compo- 
nent and passes the a-f component. (6 couples the a-f 
component to the first audio amplifier. 22 is the plate load 
resistor, and the combination R3C7 makes up the decoupling 
circuit. 

A-F sEcTION.—The function of the a-f section of a receiver 
is to further amplify the audio signal, which is commonly fed 
via the volume control to the grid of the first audio amplifier 
tube. In most cases the amount of amplification that is 
necessary depends on the type of reproducer used. If the 
reproducer consists of earphones, only one stage of amplifica- 
tion may be necessary. If the reproducer is a large speaker 
or other mechanical device requiring a large amount of 
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Figure 12-3.—Plate detector circuit. 
appreciable plate current flows. Between positive half cycles 
the bias voltage is held constant across R1 by the action of 
| 


power, several stages may be necessary. In most receivers 
the last a-f stage is operated as a power amplifier. 

A necessary part of the a-f section is some means of manual 
control of the output signal level of the receiver. 

A MANUAL VOLUME CONTROL may be employed in a number 
of receiver circuits. Normally this control varies the ampli- 
tude of the signal applied to the grid of an amplifier tube, as 
shown in figure 12-3. Increasing the resistance between 
ground and the sliding contact increases the amplitude of the 
signal applied to the grid of the driven stage. 

An A-F OUTPUT STAGE is shown in figure 12-4. C1 couples 
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Figure 12-4.—Audio amplifier output stage. 


the first a-f amplifier to the output stage, and #1 is the grid 
coupling resistor. #2 and C2 provide a steady bias. Be- 
cause of the low frequencies involved, C2 should have a 
larger value of capacitance than similar bypass capacitors 
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in the r-f section. (4 is the plate-bypass, or decouplins 
capacitor. (3 has a small value of capacitance and bypass 
some of the higher frequencies around the output transforme 
thus emphasizing the bass. The impedance of the outpu: 
transformer primary commonly represents a compromis 
between maximum power transfer and minimum distortion 
The impedance of the secondary is chosen to match thi 
impedance of the voice coil. Some secondaries have taps 0t 
the windings to permit an impedance match to a variety 0!) 
voice-coil impedances. 

Tone CONTROL may be used in communications receiver. 
The purpose of tone control is to emphasize either the lov 
or the high frequencies, by shunting the undesired frequencie 
around the remainder of the circuit components in the audio 
section. A simple tone-control circuit, such as the serie 
capacitor C5 and variable resistor 23 combination shown in| 
figure 12-4, may be connected between plate and ground or 
between grid and ground in any of the audio stages of 4 
receiver. In this figure it is connected between plate and 
ground. The value of the series capacitor is such that it 
will bypass to ground the high-frequency components. The 
amount of high-frequency energy removed by the tone- 
control circuit is determined by the setting of the variable- 
resistor control arm. When the resistance is low, the high 
frequencies are attenuated; when it is high they appear in the 
output. 

LoupsPBAKERS AND EARPHONES.—Figure 12-5 shows three 
types of audio reproducers. 

In the permanent-magnet dynamic type of reproducer 
(fig. 12-5, A) a strong field is established between the pole 
pieces by means of a powerful permanent magnet. The 
flux is concentrated in the air gap between a permeable 
soft-iron core and an external yoke. The voice coil is 
mounted in the air gap. When a-c signal currents flow in 
the coil a force proportional to the strength of the current 
is applied to the coil, and the coil is moved axially in accord- 
ance with the a-c signal. The loudspeaker diaphragm is 
attached to the voice coil and moves in accordance with the 
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Figure 12-5.—Types of audio reproducers. 
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signal currents, thus setting up sound waves in the air. The; 
corrugated diaphragm to which the speaker cone is attache: | 
keeps the cone in place and properly centered. 

As in figure 12-5, B, an electromagnet may be used it 
place of the permanent magnet to form an electromagnetic 
dynamic speaker. However, in this instance sufficient d+ 
power must be available to energize the field. The operation 
is otherwise much the same as that of the permanent-magnet 
type. 

The basic components of earphones are shown in figure 
12-5, C. When no signal currents are present, the =| 

{ 





nent magnet exerts a steady pull on the soft-iron diaphragm. 
Signal current flowing through the coils mounted on the 
soft-iron pole pieces develops a magnetomotive force that 
either adds to or subtracts from the field of the permanent 
magnet. The diaphragm thus moves in or out according 
to the resultant field. Sound waves will then be reproduced 
that have amplitude and frequency (within the capability 
of the reproducer) similar to the amplitude and frequency of 
the signal currents. 


Circuit of the T-R-F Receiver 


The complete circuit of a t-r-f radio receiver operated from 
an a-c power supply is shown in figure 12-6. The receiver 
uses two pentodes in the r-f section, one triode operated as 
a plate detector, and two pentode a-f amplifier stages that 
feed the loudspeaker. 

From previous discussions, the various circuits may be 
identified and the signal may be traced from the antenna- 
ground system to the loudspeaker. The dotted lines indi- 
cate that the three main tuning capacitors are ganged on a 
single shaft. Across each of the main tuning capacitors is 
connected a trimmer capacitor to enable circuit alignment. 
The ground circuit and the various decoupling circuits may 
be readily identified. The power supply voltage is obtained 
from a conventional full-wave rectifier. Rectifier and tube 
filament currents are obtained from two low-voltage wind- 
ings on the power transformer. 
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Characteristics of the T-R-F Receiver 


The principal disadvantage of the t-r-f receiver is that 
its selectivity, or its ability to separate signals, does not 
remain constant over its tuning range. As the set is tuned 
from the low-frequency end of its tuning range to the high- 
frequency end, its selectivity decreases. 

Also, the amplification, or gain, of a t-r-f receiver is not 
constant over the tuning range of the receiver. The gain 
depends on r-f transformer gain, which increases with fre- 
quency. In order to improve the gain at the low-frequency 
end of the band, r-f transformers employing high-impedance 
(untuned) primaries are designed so that the primary induct- 
ance will resonate with the primary distributed capacitance 
at some frequency slightly below the low end of the tunable 
band. Thus, the gain is good at the low end of the band 
because of the resonant build up of primary current. The 
near-resonant condition of the primary at the low end more 
than offsets the effect of reduced transformer action. How- 
ever, the shunting action of the primary distributed capaci- 
tance lowers the gain at the high-frequency end of the band. 
To make up for the resultant poor gain at the high end of 
the band, a small capacitor is connected between the plate 
and grid leads of adjacent r-f stages to supplement the trans- 
former coupling. At the low end of the band the capacitive 
coupling is negligible. , 

The superheterodyne receiver has been developed to over- 
come many of the disadvantages of the t-r-f receiver. 


SUPERHETERODYNE RECEIVERS 
Operating Principle 


The essential difference between the t-r-f receiver and the 
superheterodyne receiver is that in the former the r-f ampli- 
fiers preceding the detector are tunable over a band of fre- 
quencies; whereas in the latter the corresponding amplifiers 
are tuned to one fixed frequency called the INTERMEDIATE 
FREQUENCY (i-f). The principle of frequency conversion by 
heterodyne action is here employed to reduce any desired 
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station frequency within the receiver range to this inter! 
mediate frequency. Thus an incoming signal is converte | 
to the fixed intermediate frequency before detecting th: 
audio signal component, and the i-f amplifier operates unde 
uniformly optimum conditions throughout the receive: 
range. The i-f circuits thus may be made uniformly selective. 
uniformly high in voltage gain, and uniformly of satis 
factory bandwidth to contain all of the desired side-band 
components associated with the amplitude-modulated 
carrier. 

The block diagram of a typical superheterodyne receiver 
is shown in figure 12-7. Below corresponding sections of 
the receiver are shown the waveforms of the signal at that 
point. The r-f signal from the antenna passes first through 
an r-f amplifier (preselector) where the amplitude of the 
signal is increased. A locally generated unmodulated r-{ 
signal of constant amplitude is then mixed with the carrier 
frequency in the mixer stage. The mixing or heterodyning 
of these two frequencies produces an intermediate-frequency 
signal which contains all of the modulation characteristics 
of the original signal. The intermediate frequency is equal 
to the difference between the station frequency and the 
oscillator frequency associated with the heterodyne mixer. 
The intermediate frequency is then amplified in one or more 
stages called INTERMEDIATE-FREQUENCY (i-f) AMPLIFIERS 
and fed to a conventional detector for recovery of the audio 
signal, 

The detected signal is amplified in the a-f section and then 
fed to a headset or loudspeaker. The detector, the a-f 
section, and the reproducer of a superheterodyne receiver 
are basically the same as those in a t-r-f set, except that 
diode detection is generally used in the superheterodyne 
receiver. Automatic volume control or automatic gain 
control also is commonly employed in the superheterodyne 
receiver 

R-Fr ampLirier.—If an r-f amplifier is used ahead of the 
mixer stage of a superheterodyne receiver it is generally of | 
conventional design. Besides amplifying the r-f signal, the 
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r-f amplifier has other important functions. For example.; 
isolates the local oscillator from the antenna-ground syster 
If the antenna were connected directly to the mixer stage, 
part of the local oscillator signal might be radiated ini 
space. This signal could be picked up by a sensitive directic: 
finder on any enemy ship. For this reason and others, Nav’ 
superheterodyne receivers are provided with at least one 
amplifier stage. | 

Also, if the mixer stage were connected directly to th 
antenna, unwanted signals, called maces, might be received 
because the mixer stage produces the intermediate frequenct 
by heterodyning two signals whose frequency different 
equals the intermediate frequency. (The heterodyn 
principle is treated later in this chapter.) 

The image frequency always differs from the desiral 
station frequency by twice the intermediate frequency! 
Image frequency=station frequency + (2X intermediate fre- 

quency). 

The image frequency is higher than the station frequency i! 
the local oscillator frequency tracks (operates) above the 
station frequency (fig. 12-8, A). The image frequency is 
lower than the station frequency if the local oscillator 
tracks below the station frequency (fig. 12-8, B). The 
latter arrangement is generally used for the higher frequency 
bands, and the former, for the lower frequency bands. 

For example, if such a receiver having an intermediate 
frequency of 455 ke is tuned to receive a station frequency 
of 1500 ke (fig. 12-8, A), and the local oscillator has 6 
frequency of 1955 ke, the output of the i-f amplifier may 
contain two interfering signals—one from the 1500-kc 
station and the other from an image station of 2410 kc 
(1500+2X455=2410 ke). The same receiver tuned near , 
the low end of the band to a 590-ke station has a local oscil- 
lator frequency of 1045 ke. The output of the i-f amplifier 
contains the station signal (1045—590=455 ke) and an 
image signal (1500—1045=455 kc). Thus the 1500-ke 
signal is an image heard simultaneously with the 590-kc 
station signal. 
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Figure 12-8.—Relation of image frequency to station frequency ina 
superheterodyne receiver. 
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It may also be possible for any two signals having sufficient 
strength, and separated by the intermediate frequency, to 
produce unwanted signals in the reproducer. The selectivity 
of the preselector tends to reduce the strength of these 
images and unwanted signals. ' 

The ratio of the amplitude of the desired station signal to 
that of the image is called the IMAGE REJECTION RATIO and 
is an important characteristic of a superheterodyne receiver. 
Better superheterodyne receivers are therefore equipped 
with one or more preselector stages, a typical example of 
which is shown in figure 12-9. 





L4 cS=KTO 
CONVERTER 
ce 
A-v-c B+ Bt A-V-C 
BUS BUS 


Figure 12-9.—Typical superheterodyne preselector stage. 


The preselector stage employs a variable-mu tube and 
cathode bias. 1 is the antenna coil, 2 and C2 make up the 
tuned input circuit, and C1 is the trimmer used for alignment 
purposes. The dotted line indicates ganged tuning capaci- 
tors. Usually these are the tuning capacitor of the mixer 
input tank circuit and the local oscillator tuning capacitor. 
C3 provides low impedance coupling between the lower end 
of L2 and the grounded end of C2, thus bypassing the de- 
coupling filters in the automatic-voh me-control (a-v-c) 
circuit. (Automatic-volume, or automatic-gain, control is 
treated later in this chapter.) The r-f transformer in the 
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, output circuit consists of an untuned high-impedance 
primary, Z3, and a tuned secondary, £4, which resonates 
with tuning capacitor C5 at the station frequency. R-f 
bypass capacitor C6 serves a function similar to that of C3. 

First petecror.—The first detector, or frequency-con- 
verter, section of a superheterodyne receiver is composed of 
two parts—the oscillator and the mixer. In many receivers, 
particularly at broadcast frequencies, the same vacuum tube 
serves both functions, as in the pentagrid converter shown 
in figure 12-10. The operation of the tube may be simplified 
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Figure 12-10.—First detector employing a pentagrid converter. 


somewhat if both stages (oscillator and mixer) are considered 
as exerting two different influences on the stream of electrons 
from cathode to plate. These electrons are influenced by 
the oscillator stage (grids 1, 2, and 4) and also by the station 
input signal on grid number 3. Thus, coupling between the 
input signal and the oscillator takes place within the electron 
stream itself, 

There is a tendency for the local oscillator to synchronize 
with the station frequency signal applied to grid 3, At high 
frequencies where the two signals have nearly the same 
frequency, the pentagrid converter is replaced with a mixer 
tube and a separate oscillator tube. This type of circuit 
provides frequency stability for the local oscillator. 


325772 O—55——37 569 





The oscillator stage employs a typical Hartley circuit in 
which C4 and the oscillator coil makes up the tuned circuit. 
C5 is the trimmer capacitor which is used for alignment 
(tracking) purposes. C3 and R2 provide grid-leak bias for 
the oscillator section of the tube. Grid 1 is the oscillator 
grid, and grids 2 and 4 serve as the oscillator plate. Grids 
2 and 4 are connected together and also serve as # shield for 
the signal input grid, 3. 

Grid 3 has a variable-mu characteristic, and serves as 
both an amplifier and a mixer grid. The tuned input is made | 
up of Z1 and (2, with the parallel trimmer Cl. The dotted 
lines drawn through C2 and (C4 indicate that both of these 
capacitors are ganged on the same shaft (in this example with | 
the preselector tuning capacitor). The plate circuit contains 
the station frequency and the oscillator frequency signals 
both of which are bypassed to ground through the low 
reactance of C6 and C7. The heterodyne action within the 
pentagrid converter produces additional frequency com- 
ponents in the plate circuit, one of which is the difference 
frequency between the oscillator and the station frequency. 
The difference frequency is the intermediate frequency and 
is amplified by resonance in C6 and L2. This signal is 
coupled to the first i-f amplifier grid through the desired 
band-pass coupling which is wide enough to include the 
side-band components associated with the amplitude- 
modulated signal applied to grid 3 of the pentagrid converter. 

The conversion gain in a pentagrid converter is, 


b= VS, 


where V, is the a-c plate resistance with the station r-f 
carrier applied, and S, is the conversion transconductance 
(30% to 40% of the gn of the pentode amplifier). Con- 
version gain is the change in plate voltage at the intermediate 
frequency divided by the change in grid voltage at the r-f 
station frequency for equal changes in plate current at the 
intermediate frequency. Expressed as a formula, 


i-f output volts. 
r-f input volts 
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conversion gain= 


The conversion gain of a typical pentagrid converter used in 
broadcast receivers ranges between 30 and 80. 

HETERODYNE PRINCIPLE.—The production of audible beat 
notes is a phenomenon that is easily demonstrated. For 
example, if two adjoining piano keys are struck simul- 
taneously, a tone will be produced that rises and decreases 
in intensity at regular intervals. This action results from 
from the fact that the rarefactions and condensations pro- 
duced by the vibrating strings will gradually approach a 
condition in which they reinforce each other at regular 
intervals of time with an accompanying increase in the 
intensity of the sound. Likewise at equal intervals of time, 
the condensations and rarefactions gradually approach a 
condition in which they counteract each other, and the 
intensity is periodically reduced. 

This addition and subtraction of the intensities at regular 
intervals produces BEAT FREQUENCIES. The number of beat 
frequencies produced per second is equal to the difference 
between the two frequencies. 

The production of beats in a superheterodyne receiver is 
somewhat analogous to the action of the piano, except that 
with the receiver the process is electrical and the frequencies 
are much higher. Figure 12-11 indicates graphically how 
the beat frequency (intermediate frequency) is produced 
when signals of two different frequencies are combined in the 
mixer tube. The resultant envelope varies in amplitude at 
the difference frequency, as indicated by the dotted lines. 

In this example, one voltage, ¢,, has a frequency of 8 cycles 
per second and the other voltage, e,, has a frequency of 10 
cycles per second. Initially, the amplitudes of the two volt- 
ages add at instant A, but at instant B the relative phase of 
e, has advanced enough to oppose e,, and the amplitude of the 
resultant envelope is reduced to a value dependent upon ¢,. 
At instant C the relative phase of e, has advanced enough to 
permit the amplitudes to add again. Thus, 1 cycle of 
amplitude variation of the envelope takes place in the time 
interval that ¢, needs to gain 1 cycle over e,. From figure 
12-11 it may be seen that e, gains 2 cycles in the interval 
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TIME 
Figure 12-11,—Simplified graphical analysis of the formation of beats, 





A to E. Therefore, the beat or difference frequency is 2 
cycles per second. 

I-F AMPLIFIER.—The i-f amplifier is a high-gain circuit 
commonly employing pentode tubes. This amplifier is 
permanently tuned to the frequency difference between the 
local oscillator and the incoming r-f signal. Pentode tubes 
are generally employed, with one, two, or three stages, de- 
pending on the amount of gain needed. As _ previously 
stated, all incoming signals are converted to the same fre- 
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quency by the frequency converter, and the i-f amplifier 
operates at only one frequency. The tuned circuits, there- 
fore, are permanently adjusted for maximum gain consistent 
with the desired band pass and frequency response. These 
stages operate as class-A voltage amplifiers and practically 
all of the selectivity of the superheterodyne receiver is 
developed by them. 

Figure 12-12 shows the first i-f amplifier stage. The 
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RANSFORMER TRANSFORMER 
TO SECOND 
FROM 
CONVERTER I-F STAGE 
‘ ie 
B+ A-V-C = B+ A-v-C 


BUS BUS 
Figure 12-12.—First i-f amplifier stage. 


minimum bias is established by means of R1C1, and auto- 
matic volume control is applied to the grid through the 
secondary of the preceding coupling transformer. 

The output i-f transformer, which couples the plate cir- 
cuit of this stage to the grid circuit of the second i-f stage, 
is tuned by means of capacitors C2 and C3. Mica or air- 
trimmer capacitors may be used. In some instances the 
capacitors are fixed, and the tuning is accomplished by means 
of a movable powdered-iron core. This method is called 
PERMEABILITY tuning. In special cases the secondary only is 
tuned. The coils and capacitors are mounted in small metal 
cans which serve as shields, and provision is made for adjust- 
ing the tuning without removing the shield. 

The input i-f transformer has a lower coefficient of coupling 
than the output transformer in some receivers in order to 
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suppress noise from the pentagrid converter. The output 
i-f transformer is slightly overcoupled with double humps 
appearing at the upper and lower side-band frequencies. 
The over-all response of the stage is essentially flat, and in 
typical broadcast receivers has a voltage gain of about 200 
with a band pass of 7 to 10 kc and an i-f of about 456 ke. 

The chief characteristic of the double-tuned band-pass 
coupling is that at frequencies slightly above and slightly 
below the intermediate frequency the impedance coupled into 
the primary by the presence of the secondary is reactive. 
This cancels some of the reactance existing in the primary, 
and the primary current increases. Thus the output voltage 
of the secondary does not fall off and the response is uniform 
within the pass band. The double-tuned i-f amplifier is 
discussed in detail in chapter 5. 

CryYsTAL FILTER.—A quartz crystal, used as a selective 
filter in the i-f section of a communications receiver, is one 
of the most effective methods of achieving maximum selec- 
tivity. It is especially useful when the channel is crowded 
and considerable noise (both external and internal) is present. 
The crystal acts as a high-Q tuned circuit, which is many 
times more selective than tuned circuits consisting of induc- 
tors and capacitors. The crystal dimensions are so chosen 
that the crystal will be in resonance at the desired inter- 
mediate frequency. 

One of the simplest of a number of possible circuit arrange- 
ments is shown in figure 12-13. The crystal is in one arm 
of a bridge circuit. The secondary of the input transformer 
is balanced to ground through the center-tap connection. 
The phasing capacitor, C4, is in another arm of the bridge 

circuit. The crystal acts as a high-Q series-resonant circuit 
and allows signals within the immediate vicinity of resonance 
to pass through the crystal to the output coil, Z3. The 
desired signal appears between the center tap of L3 and 
ground. 

The capacity between the crystal holder plates may bypass 
unwanted signals around the crystal. Therefore, some 
method must be provided to balance out this capacitance. 
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Figure 12-13,—Crystal filter used in the i-f section of a superheterodyne 
receiver. 


In this circuit, balancing is accomplished by taking a 
voltage 180° out of phase with the instantaneous voltage 
across the crystal and applying it via C4 in such a way as 
to neutralize the undesired signal voltage. The balanced 
input circuit in this case is obtained by the use of a center- 
tapped inductor. The tap on Z3 permits the proper 
impedance match. 

Seconp peTEcTor.—Most superheterodyne receivers em- 
ploy a diode as the second detector. This type of detector 
is practical because of the high gain as well as the high 
selectivity of the i-f stages. The diode detector has good 
linearity and can handle large signals without overloading. 
For reasons of space and economy, the diode detector and 
first audio amplifier are often included in the same envelope 
in modern superheterodyne receivers. 

A simple diode detector is shown in figure 12-14. The 
rectified voltage appears across R1, which also serves as 
the volume-control potentiometer. Capacitor C2 bypasses 
the r-f component to ground, and C3 couples the output of 
the detector to the first audio amplifier stage. The tuned 
circuit Z2C1 is the secondary of the last i-f transformer. 

The time constant of R,C, is long compared to the time 
for one i-f cycle but short compared to the time for one a-f 
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Figure 12-14.—Diode detector. 


cycle. If the intermediate frequency is 456 ke the time for 
one i-f cycle in microseconds is | 


1 
0.456 219 H- | 


If R, is 250 k-ohms and C; is 100 usf the time constant in 
microseconds is 
0.25 X 100=25 us. 


The demodulation capacitor, C;, discharges through R, in ' 
one-half the time for one a-f cycle (% : The time required 
to completely discharge C; is 5R,C, seconds, Thus, 


gah: 


1 
i> 10210; 


1 
~~ 10X0.250X 10° X 100K 10-” 
10° 


10x 0.2507 7909 cps. 
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Thus, the highest audio frequency which C, is capable of 
following without distortion is, in this example, 4,000 cps. 
In order to increase the response of the diode detector the 
time constant of R,C; is reduced, for example, by decreasing 
R, to 100k-ohms. The highest audio frequency now becomes 


1 
J-DR, 


1 
~ 10X0.100X 10°X 100X10—# 


10° 
=p? 10,000 cps. 


Demodulation capacitor C, cannot discharge rapidly enough 
to follow modulation frequencies higher than 10,000 cps 
(in this case), and clipping results with all higher audio 
frequencies. The diode detector is discussed in detail in 
chapter 8. 

AUTOMATIC GAIN CoNTROL.—Under ideal conditions, once 
the manual volume or gain control has been set, the output 
signal should remain at the same level even if the input 
signals vary ip intensity. The development of variable-mu 
tubes makes it possible to devise a practical a-v-c or a-g-c 
circuit, since the amplification of the tube may be controlled 
by varying the grid-bias voltage. All that is needed is a 
source of bias voltage that varies with the signal strength. If 
this voltage is applied as bias to the grids of the variable-mu 
r-f amplifier stages, the grids will become more negative as 
the signal becomes stronger. The amplification will thus 
be reduced, and the output of the receiver will tend to remain 
at a constant level. Unless the selectivity of the i-f stages 
is good, strong adjacent-channel signals will reduce receiver 
gain when a weak signal is tuned in. When no interference 
is present, a-v-c holds the audio output constant as the 
input signal amplitude varies over a wide range. 

The LOAD RESISTOR of a diode detector is an excellent 
source of this voltage, since the rectified signal voltage will 
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increase and decrease with the signal strength. A filter is 
used to remove the a-f component of the signal and at the 
same time to prevent the a-v-c circuit from shorting the 
audio output. Only the slower variations due to fading or 
change of position of the receiving antenna, and so forth, 
will then affect the gain of the r-f amplifier stages. 

Figure 12-15 shows how the a-y-c voltage is obtained. 
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Figure 12-15.—Manval and a-v-c circuits. 
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The a-v-c voltage is tapped off at the negative end of the 
diode load resistor, R2 (fig. 12-15, A), which is also the 
amanual volume control. The a-f component is removed by 
the filter circuit that is composed of C2 and R1. One or more 
of the r-f amplifiers may be controlled in this manner. A 
customary value for 21 is 2 megohms and for C2 is 0.05 uf. 

Figure 12-15, B, shows an a-y-c circuit used with a 
duodiode triode in a conventional diode detector circuit. 
‘The two plates of the diode are connected together to form a 
half-wave rectifier in the r-f portion of the circuit. The 
output of the diode detector is fed to the grid of the triode 
section which acts as a class-A voltage amplifier. 

The variable-mu tube is designed to operate with a mini- 
mun bias of about —3 volts. The minimum bias is usually 
provided by a cathode resistor, and the a-v-c bias is applied 
in series with it. A disadvantage of ordinary automatic 
volume control is that even the weakest signals produce some 
a-v-c bias, which reduces the amplification slightly. 

DELAYED AUTOMATIC GAIN CONTROL.—The disadvantage of 
automatic gain control, that of attenuating even the very 
weak signals, is overcome by the use of delayed automatic 
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Figure 12-16.—Delayed a-v-c circuits. 
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gain control, as shown in figure 12-16. In this circuit the 
a-v-c diode, plate 2, is separated from the detector diode.’ 
plate 1, and both are housed in the same envelope with a 
triode amplifier. 

In this example a bias of 5 volts on the delayed a-v-c , 
diode, plate 2, prevents it from conducting until the signal 
exceeds 5 volts. The signal across the secondary of the i-f ' 
transformer is coupled to diode, plate 2, by capacitor C1. } 
Until the signal exceeds 5 volts no charge is acquired by 
the a-v-c capacitor, C3; no additional bias is applied to the 
grids of the i-f amplifier, preselector, or converter tubes; 
and their gain is maximum on weak signals. The 5-volt 
bias applied to the delayed a-v-c diode, plate 2, is developed 
across cathode resistor R4 by the current flowing through 
the triode section of the tube. The triode section serves as a 
class-A voltage amplifier driven by the audio voltage 
developed across diode load resistor R2. 

When the signal across the secondary of the i-f transformer 
exceeds the 5-volt bias value across R4, the a-v-c diode 
(plate 2) conducts on alternate half cycles and C3 acquires a 
charge. The voltage developed across C3 constitutes the 
delayed a-v-c voltage. It is supplied to the grids of the 
various stages ahead of the second detector in series with the 
cathode bias developed by the individual tubes. 

Noisr LimiTeR.—Sudden bursts of noise in a receiver may 
be attenuated by the use of a series noise limiter, such as 
the one shown in figure 12-17. The diode detector circuit 
includes V1, R1, R2, and C2. The cathode of V2 is con- 
nected through R3 to the a-v-c line, which is negative with 
respect to ground. The plate of V2 is connected to the com- 
mon connection, B, between the diode load resistors, R1 
and R2. 

When a normal signal is detected, the plate of V2 is 
negative with respect to ground by an amount equal to the 
voltage drop across R1. Normally the plate is less negative 
than the cathode, and V2 conducts, thus providing a con- 
tinuous circuit through V2, for the audio voltage tapped off 

at point D. 
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Figure 12-17.—Simplified circuit of a diode detector and series noise limiter. 





If a sudden burst of noise comes through the receiver the 
voltage across 21 suddenly increases. A large negative po- 
tential with respect to ground is thus applied to the plate of 
V2. The cathode cannot follow this sudden change because 
of the long time constant of the a-v-c circuit. The plate is 
now negative with respect to the cathode, and V2 ceases to 
conduct. Thus the output circuit to the audio amplifiers is 
opened and the receiver becomes momentarily quiet. The 
point at which V2 begins limiting depends on the average 
strength of the received signal in relation to the amplitude 
of the noise. On weak signals the a-v-c voltage and cathode 
bias are both small; thus a low-amplitude noise pulse swings 
the plate voltage negative with respect to the cathode bias, 
and V2 limits the audio output. Conversely, a strong signal 
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is limited by a large amplitude noise pulse but is not limited 
by the same amplitude of noise pulse that cut off the weak 
signal. 

BxaT-FREQUENCY OSCILLATOR.—The beat-frequency oscil- 
lator (BFO) is necessary when c-w signals are to be received 
because these signals are not modulated with an audio com- 
ponent. In superheterodyne receivers the incoming c-w 
signal is converted to the intermediate frequency at the first 
detector as a single frequency signal with no side-band com- 
ponents. The i-f signal is heterodyned (with a separate 
tunable oscillator known as the beat-frequency oscillator) 
at the second detector to produce an a-f output. In the 
circuit shown in figure 12-18, the Hartley oscillator (BFO) 
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Figure 12-18.—Beat-frequency oscillator. 


is coupled to the plate of the second detector by capacitor C3. 

If the intermediate frequency is 455 ke and the BFO is 
tuned to 456 ke or 454 ke, the difference frequency of 1 ke is 
heard in the output. Generally the switch and capacitor 
tuning control are located on the front panel of the receiver. 

The BFO should be shielded to prevent its own output from 
being radiated and combined with desired signals ahead of 
the second detector. If a-v-c voltage is to be used it should 
be obtained from a separate diode isolated from the second 
detector. One way is to couple the output of an i-f amplifier 
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vage ahead of the second detector to the a-v-c diode. Other- 
vise, the output of the BFO would be rectified by the second 
etector and would develop an a-vy-c voltage even on no 
ignal. 

Srvtence.—A silencer is sometimes employed in the a-f 
section of a receiver to disable the receiver when no signals 
are being received. One type of silencer circuit is shown in 
figure 12-19. 
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Figure 12-19.—Silencer circuit. 


The silencer, V1, a diode-connected triode, connects the 
output of the first a-f stage to the input of the second audio 
amplifier. Silencer amplifier V2 serves as the control tube 
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for the silencer. The plate voltage of V1 is supplied via R2. 
from the plate of V2 (which is in turn supplied from the B ?: 
supply via R11) and is positive with respect to ground. The 
cathode voltage of V1 is also positive with respect to ground, 
since it is connected to the B supply through a voltage 
divider made up of R12 and R4. With no input signal, R9 
is adjusted until V2 draws enough plate current to reduce its 
plate voltage and that of V1 to a value below the voltage on 
the cathode of V1. Thus the silencer plate voltage is nega- 
tive with respect to the cathode. Conduction ceases, and 
the silencer cuts off. The output is reduced to zero, and the 
receiver is mute. 

The grid of V2 is connected to the a-v-c line. When 4 
signal enters the receiver, the negative a-v-c voltage is applied 
to the grid of V2, thereby reducing the plate current and in- 
creasing the plate voltage of both V2 and V1. When the 
plate of V1 becomes positive with respect to its cathode, 
the tube conducts and the signal is passed to the second a-f 
amplifier. 


Circuit of a Superheterodyne Receiver 


The complete circuit of a superheterodyne receiver is 
shown in figure 12-20. In this circuit one r-f amplifier 
(preselector) stage is used. Tube V2, a pentagrid converter, 
serves both as the mixer tube and oscillator tube. Three 
tuning capacitors (one each in the preselector, mixer, and 
oscillator stages) are ganged on a common shaft to assure 
proper tracking. Trimmers are connected in parallel with 
each tuning capacitor to permit alinement. The oscillator 
tuning capacitor is smaller than the tuning capacitor in the 
preselector or the converter stages. The oscillator operates 
above the station frequency and tracks closely at three 
points on the dial— (1) low end, (2) middle, and (3) high end. 
The oscillator tuning capacitor split-rotor plates allow closer 
adjustment for tracking at the low end and at the middle 
of the band. Shunt trimmer capacity adjustments on the 
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oscillator tuning capacitor provide close tracking of the 
oscillator at the high end of the band. 

Tube V3 is the i-f amplifier with input and output i-f 
transformers tuned to the receiver intermediate frequency. 

Tube V4 serves as the second detector and first audio 
amplifier. Conventional automatic volume control is tapped 
off at the end of the volume control potentiometer farthest 
from ground. Plate and screen potentials are obtained from 
the B supply through the corresponding voltage dropping 
resistors. The power supply is a conventional full-wave 
rectifier. 


F.M RECEIVERS 


The t-r-f and superheterodyne receivers that have been 
described in the preceding paragraphs of this chapter are 
designed to receive r-f signals that vary in amplitude ac- 
cording to the audio modulation at the transmitter. The 
amplitude of the r-f signal is increased by one or more r-f 
amplifier stages, and the modulation component is removed 
by the detector. Each of the tuned circuits preceding the 
detector is designed to pass only a relatively narrow band of 
frequencies containing the necessary upper and lower side- 
band frequencies associated with the amplitude-modulated 
carrier. 

F-m receivers are supplied r-f signals that vary in fre- 
quency according to the information being transmitted. 
The amount of the variation or deviation from the cENTER, or 
RESTING, FREQUENCY at a given instant depends on the am- 
plitude of the impressed audio signal. The frequency with 
which the variations from the center frequency occur de- 
pends on the frequency of the impressed audio signal. The 
function of the f-m receiver is basically the same as that of the 
a-m superheterodyne receiver—that is, the amplitude of the 
incoming r-f signals is increased in the r-f stages; then the 
frequency is reduced in the mixer stage to the intermediate 
frequency and amplified in the i-f amplifier section. Finally, 
the amplitude is clipped in the limiter stage and the modula- 
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Figure 12-20.—Circuit diagram of a superheterodyne receiver, 
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tion component is removed by the second detector, « 
DISCRIMINATOR As it is called in the f-m receiver. 

There are a few major differences between the f-m and ti 
a-m receiver. The greatest difference is in the method « 
detection. Also the tuned circuits of the f-m receiver hay: 
wider pass bands, and the last i-f stage is especially adapte. 
for limiting the amplitude of the incoming signal. However 
in both systems the audio amplifiers and reproducers ar 
similar. 

A comparison between a superheterodyne receiver designe: 
for a-m reception and one designed for f-m reception is shown 
in figure 12-21. 
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Figure 12-21.—Receiver block diagrams. 


Components 


R-F secTion.—The function of the f-m anienna is to 
provide maximum signe! voltage to the receiver input. Un- 
like most broadcast a-m receiver antennas, f-m receiver 
antennas act as resonant lines having standing waves on 
them. Therefore f-m antennas are cut to the required 
tength in order to receive a signal of sufficient amplitude 
to drive the first r-f amplifier. If a single frequency is to be 
received, the antenna may be designed for maximum response 


at that frequency. If, however, a band of frequencies is to 
be received, the antenna length will represent a compromise. 
Usually the length is so chosen that it will be in resonance at 
the geometric center of the band. The GEOMETRIC CENTER 
or MEAN is equal to y\,\;, where , and 2, are the wave- 
lengths at the two ends of the band. 

There are many types of f-m antennas, but probably the 
simplest is the half-wave dipole. The length of the half- 
wave dipole, in feet, is 

468 
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where f, and f; are the frequencies in megacycles at the two 
ends of the band. Because the resistance at the center of 
the half-wave dipole is about 72 ohms, the transmission line 
connecting the antenna with the receiver should have a 
characteristic impedance of 72 ohms in order to operate as a 
nonresonant transmission line with no standing waves. The 
transmission line feeds the signal to the receiver via a match- 
ing transformer at the input to the preselector stage. 

The r-f amplifier, or preselector, performs essentially the 
same function in the f-m receiver as it does in the a-m 
receiver—that is, it increases the sensitivity of the receiver. 
Such an increase in sensitivity is often a practical necessity 
in fringe areas. However, the gain of the i-f stages is rela- 
tively much greater, perhaps 10 times that of the preselector, 
since the chief advantage of the superheterodyne lies in the 
uniformity of response and gain of the i-f stages within the 
receiver band. The principal functions of the r-f stage are to 
discriminate against undesired signals (images) and to in- 
crease the amplitude of weak signals so that the signal-to- 
noise ratio will be improved. 

If the receiver is designed to receive both amplitude 
modulation and frequency modulation, a suitable band- 
switching arrangement is necessary. Many combination 
receivers are designed to receive more than one a-m band. 
Under such circumstances additional tuned circuits are 
needed. Thus, if two a-m bands and one f-m band are used 
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and one r-f stage is used ahead of the mixer, three tuned | 
circuits are needed for each band to be covered. . This circuit 
arrangement includes one for the r-f stage, one for the mixer 
stage, and one for the oscillator stage for each of the three 
bands, or a total of nine tuned circuits. The f-m tuned | 
circuits have wider band-pass characteristics than do the 
a-m tuned circuits, as shown in figure 12-21. 

FREQUENCY CONVERTER.—The frequency converter em- 
ployed in the f-m receiver functions in much the same manner 
as the one employed in the a-m superheterodyne receiver. 
However, additional problems are involved. 

For example, at the frequencies employed in the com- 
mercial f-m band the stability of the local oscillator becomes 
a major problem. As mentioned before, there is a tendency 
for the local oscillator to become synchronized with the 
incoming signal and thus to lose the intermediate frequency | 
output entirely. The tendency is more pronounced at f-m 
frequencies because the station and oscillator are closer 
together. Therefore, for maximum frequency stability, 
separate oscillator tubes are used. This results in increased 
space requirements and expense. Especially designed penta- 
grid converters that have reasonably good frequency sta- 
bility, high conversion transconductance, and oscillator 
transconductance are employed in some less expensive 
commercial sets. 

Even in a normal well-designed f-m receiver such factors 
as the change in internal capacitance of the oscillator tube 
(or oscillator section of a tube) and the expansion of coil 
windings and capacitor plates during warm-up may cause 
the local oscillator frequency, and consequently the inter- 
mediate frequency, to drift an appreciable amount. A 
relatively small shift in oscillator frequency (always down- 
ward with respect to the center frequency in an uncompen- 
sated oscillator circuit) may shift the i-f signal beyond the 
range of the i-f stages with a consequent loss in output signal. 

Various methods are used to combat oscillator drift. For 
example, the second harmonic of the local oscillator frequency 
is sometimes used for mixing. In this instance the local 
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oscillator may be operated at a lower fundamental frequency, 
where the stability is improved. Another method is to use 
capacitors having a negative temperature coefficient. These 
are connected in shunt with capacitors having a positive 
temperature coefficient to counteract the change in capaci- 
tance when the temperature of the oscillator stage varies. 
Proper voltage regulation as well as the choice of oscillator 
tubes having low internal capacitances, will also increase the 
stability of the local oscillator. 

Frequency stability of the local oscillator, in the standard 
f-m band, makes it advantageous to operate the local 
oscillator at a frequency below that of the incoming signal. 
(See fig. 12-21.) 

However, if the local oscillator is operated above the 
frequency of the incoming signal it is not so likely to inter- 
fere with television receivers in the same vicinity that are 
operating on the lower video channels. Therefore, some 
commercial f-m receivers have local oscillators operating 
above the incoming signal. 

I-r AMPLIFIER.—The i-f amplifier in an f-m receiver is 
usually tuned to a center frequency of from 8 to 10 mega- 
cycles. It generally employs double-tuned transformers 
having equal primary and secondary inductances, The 
band pass is from 150 to 200 kc. The last one or two i-f 
stages function as a limiter. 

The gain of each wide band i-f stage is considerably less 
than that of the narrow-band a-m. i-f amplifier. Therefore, 
f-m receiver employs more i-f stages than a corresponding 
a-m receiver. The gain of an i-f amplifier employing a 
double-tuned transformer has been given in chapter 5 as 


Ino yL ply, 


K+og, 


V.G.= 


In the case of a wide-band i-f amplifier having a double-tuned 
transformer, critical coupling (x =9) and primary and 


591 


secondary inductances and Q’s that are equal, the gair: 
becomes ? 


Ino Q 
V.G.=24 


In this formula gq is the transconductance of the tube, anc 
wL is the inductive reactance of the circuits at the inter- 
mediate frequency. 7 

A low value of intermediate frequency is undesirable 
because local oscillator drift might force the set to operate 
outside the i-f range. Also, it would be pointless to have , 
the intermediate frequency lower than the total frequency , 
deviation (bandwidth) of any one f-m station. 

In the choice of the optimum i-f value such factors as 
image response, response to signals at the same frequency as 
the intermediate frequency, response to beat signals pro- 
duced by two stations separated in frequency by the i-f 
value, and response to harmonic frequencies must be con- 
sidered. 

Two stations separated in frequency by the i-f value will, 
if sufficiently powerful, produce a beat frequency that will 
pass through the receiver. This type of interference may 
be eliminated if the intermediate frequency chosen is greater 
than the entire f-m bandwidth. It may be minimized by 
adequate discrimination in the preselector stage. 

Harmonics of the local oscillator may combine with 
harmonics produced when a strong incoming signal over- 
loads the input stage to produce the intermediate frequency. 

Interfering signals may develop as a result of the inter- 
action of these harmonic frequencies. For example, con- 
sider an f-m receiver having an intermediate frequency of 
9.1 mec, and tuned to an 86-mc station. The oscillator 
frequency is 86+9.1, or 95.1 mc. It is possible that a strong 
90.5-me signal picked up at the f-m receiver input, would 
develop at that point its second harmonic of 181.0 me. 
The oscillator second harmonic frequency is 95.12, or 
190.2 me. The difference frequency is 190.2—181.0, or 
9.20 me. This difference frequency would appear in the 
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: output of the mixer stage and be accepted by the i-f ampli- 
fiers tuned to 9.1 mc. Thus the receiver output would con- 
tain the 86-mc station and simultaneously the 90.5-mc 
interfering signal. 

Harmonics produced at the input may be reduced by 
increasing the selectivity of the tuned circuits and using 

» variable-mu tubes that do not overload easily. The produc- 
tion of harmonics by the local oscillator may be reduced by 

> maintaining a satisfactorily high circuit Q and by reducing 
its loading. 

The uniform gain within the band pass of an a-m i-f 
amplifier, and the selectivity of i-f amplifiers, are treated in 
chapter 5. In commercial f-m i-f amplifiers the band pass 
is considerably greater than it is in a-m i-f amplifiers because 

. of the greater frequency swing used in frequency modulation. 

An ideal frequency response curve is difficult to obtain 

. economically. Therefore, a practical compromise that gives 

the necessary uniform gain and discrimination against 

adjacent channel frequencies is chosen. 

The i-f stage may be designed for f-m only or for both a-m 
and f-m. An i-f transformer designed for both a-m and 
f-m is shown in figure 12-22. In order to have the desired 
high L/C ratio for increased gain and increased bandwidth, 
permeability tuning is employed. Circuits C1L1 and L2C2 
are tuned to the higher f-m intermediate frequency, about 
10 me, and have greater band pass, about 200 kc. Circuits 
C3L3 and L4C4 are tuned to the lower a-m intermediate 
frequency, perhaps 455 kc, and the band pass is lower, about 
7 ke. 

When the receiver is adjusted for f-m reception, only the 
f-m section of the i-f transformer is effective in coupling sig- 
nal voltage to the next tube. Capacitor C3, having a low 
reactance to the higher f-m signals, shunts the a-m section 
of the transformer. Likewise, when the receiver is adjusted 
for a-m reception, only the a-m section of the i-f transformer 
is effective in coupling signal voltage to the next tube. In 
this case L1 becomes an effective short circuit for the lower 
frequency a-m signals. 
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Figure 12-22.—1-f transformers for a-m and f-m. 


Usually the last i-f stage is modified to operate as a limiter. 

Limiter.—The limiter in an f-m receiver removes ampli- 
tude modulation and passes on to the discriminator an f-m 
signal of constant amplitude. 

As the f-m signal leaves the transmitting antenna it is 
varying in frequency according to an audio-modulating 
signal, but it has essentially a constant amplitude. As the 
signal travels between the transmitting and receiving an- 
tenna, however, natural and man-made noises, or static 
disturbances, are combined with it to produce variations in 
the amplitude of the modulated signal. Other variations are 
caused by fading of the signal. Fading might be caused, for 
example, by movement of the ship carrying the transmitter 
or the receiver. Still other amplitude variations are intro- 
duced within the receiver itself because of a lack of uniform 
response of the tuned circuits. 

All of these undesirable variations in the amplitude of the 
f-m signal are amplified as the signal passes through the 
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Figure 12-23.—F-m signals. 





Figure 12-24.—Grid-leak bias limiter. 


successive stages of the receiver up to the input of the 
limiter. This condition in which both frequency modulation 
(desired) and amplitude modulation (undesired) are present 
at the same time is shown in figure 12-23, A. 
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The character of the signal after leaving the limiter should 
be as indicated in figure 12-23, B, in which all amplitude 
variations have been removed, leaving a signal that varies 
only in frequency. 

A grid-leak bias limiter is shown in figure 12-24. The tube 
is a sharp-cutoff pentode operated with grid-leak bias. 
Because the plate and screen voltages are purposely made 
low, plate-current saturation as well as plate-current cutoff, 
is produced readily by input signals having a magnitude of 
only a few volts. 

The manner in which the limiter functions is illustrated by 
the i,-e, curve shown in figure 12-25. Grid-leak bias is 
used so that with varying signal amplitudes, the bias can 
adjust itself automatically to a value that allows just the 





Figure 12-25.—Limiter iz-e, curve. 
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positive peaks of the signal to drive the grid positive and 
cause grid current to flow. 

Suppose that a signal having a peak amplitude greater than 
the cutoff bias is impressed on the grid of the tube. A bias 
voltage having a magnitude approximately equal to the peak 
value of the signal will be developed. Accordingly, grid 
- current will flow for a very small part of the positive half 

cycle at the peak of signal swing, as shown by the shaded 
area. Plate current flows for almost the entire positive half 
cycle. When the signal amplitude increases, a greater bias 
is developed, but the grid cutoff voltage remains the same and 
the average plate current changes very little. Thus, the 
amount of plate-current flow in the limiter stage is approxi- 
mately constant for all signals having an amplitude great 
enough to develop a grid-leak bias voltage that is greater than 
the cutoff voltage. The frequency variations in the f-m 
signal are maintained in the output because the plate-current 
pulses are produced at the signal frequency and excite the 
plate-tuned tank circuit which has a relatively low Q and a 
wide band pass. Thus, because of the “flywheel” effect, a 
complete a-c waveform is passed to the secondary of the 
discriminator transformer for each cycle of input signal. 

When the peak amplitude of the grid signal is less than the 
cutoff voltage, the limiting action fails because the stage is 
practically a class-A amplifier for such signals, and the 
average plate current varies as the grid-leak bias changes 
with varying signal amplitudes. For this reason, the stages 
preceding the limiter must have sufficient gain to provide 
satisfactory limiting action on the weakest signal to be 
received. 

Discriminator.—Another major difference between the 
a-m receiver and the f-m receiver is in the method used to 
detect the signal. The perecror in an a-m receiver inter- 
prets the AMPLITUDE VARIATIONS of the amplitude-modulated 
x-f energy in terms of the audio signal. In the f-m receiver, 
the discriminator interprets the FREQUENCY VARIATIONS of 
the frequency-modulated r-f energy in terms of the audio 
signal. 
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Figure 12-26.—F-m tuner. 








Several types of f-m detectors have been developed and are 
in use, but perhaps two of the most common types are the > 
discriminator and the ratio detector. The operation of one 
type of each of these detectors is treated in chapter 8. 

The discriminator requires a limiter, which in turn require 
considerable amplification ahead of its input. 

An f-m detector that would be insensitive to amplitude 
variations would eliminate the need for a limiter, and in * 
addition one or more i-f amplifier stages might be eliminated. 
Such an improved discriminator circuit that meets these 
requirements to a larger degree than the discriminator, is 
the RATIO DETECTOR. 

The principal difference between the ratio detector and the 
Foster-Seeley discriminator lies in the method of connecting 
the two rectifier diodes. In the discriminator the diode 
plates are connected to the ends of the transformer secondary. 
In the ratio detector the diodes are connected in series acros 
the secondary. The construction of the transformer is also 
different. The ratio detector has an additional winding 
called a LINK OF TERTIARY WINDING. Its function is the same 
as that of the coupling capacitor used in the discriminator— 
that is, to introduce a voltage differing in phase from the 
signal voltage developed across the upper and lower halves of 
the transformer secondary. 


Circuit of an FM Tuner 


A schematic diagram of an f-m tuner is shown in figure 12- 
26. Tubes V1 and V3 are remote-cutoff tubes using cathode 
bias without automatic volume control. Automatic volume 
control is not so important in f-m as it is in a-m, since in f-m, 
particularly if the second detector is a discriminator, the i-f 
stages are operated at maximum gain. The ratio detector 
shown in the figure provides a convenient source of a-v-c 
voltage, which is supplied to the grids of V4 and V5. The 
tuning range of the input tank, and also that of the tuned 
circuit in the mixer input, is 88 to 108 megacycles. 

If the intermediate-frequency stages are tuned to 10 mc, 
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and the local oscillator, V2, is operated above the station 
frequency, then the local oscillator is tunable from 88+ 10, 
or 98 mc, to 108+10, or 118 me. Oscillator tube V2 is 
especially designed for high-frequency operation. Tube V3 
is a pentagrid mixer used for mixing the incoming signal with 
the locally generated signal. 

The i-f amplifiers are remote-cutoff pentodes. As men- 
tioned previously, the i-f transformers must have the desired 
wide band-pass characteristic (200 kc). 

Tube V6, a twin diode, is operated as a ratio detector. 
The audio output from this detector is fed to a conventional 
audio amplifier, not shown in the circuit diagram. 

The B supply is obtained from a full-wave rectifier, V7, as 
shown in figure 12-26. 


QUIZ 


Distinguish between selectivity and sensitivity of a receiver. 

2. What are two reasons tetrodes or pentodes are generally used in 
r-f amplifiers? 

3. When a common B supply is used in a multistage amplifier, why 
does the greatest amount of feedback occur between the final and 
first amplifier stages? 

4. What are R-C circuits called that are designed specifically to 
counteract feedback in both r-f and a-f amplifiers? 

5. What is the function of so-called electrical or mechanical band- 
spread used in receiver tuning? 

6. What are two functions of an a-m detector? 

7. What portion of the i,-e, curve, on which the plate detector is 
operated, accounts for the introduction of some distortion? 

8. In most cases, what determines the amount of amplification re- 
quired in the a-f section of a receiver? 

9. What is the relative magnitude of the secondary impedance com- 
pared with that of the voice coil? 

10. In a permanent-magnet dynamic type of loudspeaker, to what 
electrical quantity is the force on the voice coil proportional? 

11. What is the principal disadvantage of a t-r-f receiver? 

12. What are two important functions of the r-f amplifier in a super- 

heterodyne receiver besides that of amplifying the signal? 


_ 


325772 O—55—39 601 


13. 
14. 
15. 


16. 


17. 


18. 
19. 


21. 


22. 


23. 


24, 
25. 


26. 
27. 


28. 


29. 


30. 
31. 
32. 
33. 


34, 


What is meant by an image frequency? 

What is the purpose of C3 in figure 12-97 

In a pentagrid converter, how does the coupling take place between 
the input signal and the local-oscillator signal? 

At high frequencies, why is the pentagrid converter often replaced 
by a mixer tube and a separate oscillator tube? 

What are two functions performed by grid number 3 in the penta- 
grid converter of figure 12-10? 

Conversion gain expresses a ratio between what two voltages? 


What class of amplifier is used in the i-f stages of a superheterodyne 
receiver? 


. Why are crystal filters frequently used in the i-f section of com- 


munications receivers? 


Why do most a-m broadcast superheterodyne receivers employ a 
diode as the second detector? 


How may the frequency response of the diode detector shown in 
figure 12-14 be improved? 


What type of r-f amplifier tubes are necessary if automatic gain 
control is used? 


In figure 12-15, how is the automatic-gain-control voltage obtained? 


(a) What is the approximate minimum bias that is used with 
variable-mu tubes and (b) how is it obtained? 


How does delayed a-g-c differ from ordinary a-g-c? 


In 4 series noise limiter, when does the limiting action take place— 
when the limiter diode acts as an open circuit or when it conducts? 


What is the purpose of the beat-frequency oscillator in a communi- 
cations receiver? 


What is the purpose of the silencer used in some communications 
receivers? 


What is the principal difference between a-m and f-m receivers? 
What are the principal functions of the r-f stage in an f-m receiver? 
How may oscillator drift be reduced in f-m receivers? 


Why does an f-m receiver employ more i-f stages than a corre- 
sponding a-m receiver? 


What is the function of the limiter in an f-m receiver? 


CHAPTER 


ELECTRONIC TEST EQUIPMENT 
CATHODE-RAY OSCILLOSCOPE 
Cathode-Ray Tube 


The cathode-ray tube is a special type of vacuum tube in 
which electrons emitted from the cathode are shaped into a 
narrow beam and accelerated to a high velocity before strik- 
ing a phosphor-coated viewing screen. The screen fluoresces 
or glows at the point there the electron beam strikes it and 
thus provides a visual indication. The cathode-ray tube 
provides a visual means of examining and measuring current 
and voltage waveforms. The CATHODE-RAY OSCILLOSCOPE 
is a test instrument employing the cathode-ray tube. The 
oscilloscope is one of the most important units of test equip- 
ment in maintenance and servicing work. It is used to give 
a visual presentation of circuit waveforms which, by com- 
parison, show the operating efficiency level of a portion of a 
circuit, a complete circuit, or an equipment. 

The comparison is made against optimum-efficiency 
waveforms permanently printed, and located either at the 
equipment test points or on the schematic diagrams. Scope 
patterns periodically taken at the test points are compared 
with these printed waveforms. Differences between the 
optimum waveform and the scope pattern indicate that a 
circuit (and therefore the equipment) is falling below the 
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optimum performance level and that corrective action should | 
be applied. By using the oscilloscope in this manner, 
difficulties may be pin-pointed to a specific circuit or portion 
of a circuit in a minimum of time. 

The tube is also used as the visual indicating device for 
display information obtained by radar, sonar, radio, direction 
finders, loran, and television. 

The beam of electrons has practically no weight or inertia 
and follows a straight line unless diverted by an electric or | 
a magnetic field. Cathode-ray tubes are either of two types 
according to the method of deflecting the electron beam —(1) 
electrostatic and (2) electromagnetic. The electrostatic type 
of cathode-ray tube is used in practically all cathode-ray 
oscilloscopes operating as test instruments. Certain radar 
and sonar sets use cathode-ray tubes that employ electro- 
magnetic deflection. Focusing or narrowing the beam before 
deflection is accomplished either by electrostatic or electro- 
magnetic means. In the electrostatic type, the beam is 
deflected by an electric field set up across the deflection plates 
by a deflection voltage. In the electromagnetic type the 
beam is deflected by a magnetic field established by a 
deflection current in a coil around the outside of the tube. 

A simplified arrangement of the construction details of a 
cathode-ray tube employing electrostatic deflection and 
focusing is shown in figure 13-1. The cathode when heated 
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Figure 13—1.—Construction of cathode-ray tube using electrostatic deflection 
and focusing. 
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by the enclosed filament releases free electrons. A cylindri- 
cal grid surrounds the cathode and controls the beam in- 
tensity as electrons pass through the end-opening of the grid. 
The control is accomplished by varying the negative voltage 
on the grid and is called INTENSITY Or BRIGHTNESS CONTROL. 
After leaving the grid the electron stream passes through two 
or more cylindrical anode focusing plates which concentrate 
the electrons into a narrow beam. The first anode concen- 
trates the free electrons and the second anode accelerates 
them. The entire assembly including the cathode, grid, and 
the two anodes is called the ELECTRON GuN. The electrons 
emerge from the electron gun at high speed. 

The grid helps to narrow the beam but cannot focus it to 
a sharp point on the viewing screen. The two anodes aid 
in the focusing action, as shown in figure 13-2. The electric 
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Figure 13-2.—Electrostatic focusing. 


field is established between the anodes. Electrons entering 
this field converge at point S on the screen. The second 
anode is positive with respect to the first anode and both are 
positive with respect to the cathode in order to attract 
electrons from the cathode and to accelerate them. The 
repelling force of like charges tends to scatter the electrons 
but they are accelerated to such a high speed that the scatter- 
ing action is not effective in defocusing the beam. Never- 
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theless the mutual repulsion between electrons determines 
the sharpness with which a beam may be focused on the 
screen. 

The focus of the electrostatic type of cathode-ray tube is 
generally controlled by varying the voltage between the first 
anode and the cathode. This voltage varies the force ex- 
erted on the electrons and tends to narrow the beam. Thusif 
the screen is observed when the first anode voltage is varied, 
the beam may be brought to a bright sharp spot. 

Focusing in an electromagnetic cathode-ray tube is accom- 
plished by a coil encircling the outside neck of the tube. 
The coil may be moved along the neck to a limited extent to 
focus the beam but the normal method, after the coil is in 
the proper position, is to vary the current flowing through 
the coil. 

Without lateral deflection, the electron gun produces only 
a small spot of light on the viewing screen. With deflection, 
the trace of the spot forms a line on the screen. The electro- 
static type cathode-ray tube uses two pairs of deflection 
plates mounted at right angles with respect to each other, 
as shown in figure 13-3. The vertical deflection plates 





Figure 13-3.—Deflecting plates for electrostatic cathode-ray tube. 
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(YY’) deflect the beam in a vertical direction, and the 
horizontal deflection plates (XX’) deflect it horizontally. 
Both pairs usually function simultaneously. The beam is 
attracted by the positive plate and repelled by the negative 
plate as the electrons pass between them. One plate of each 
pair is usually grounded. To deflect the beam, a positive 
or negative voltage is applied between the other plate and 
ground, thus establishing an electric field between the plates. 
The deflecting force varies with the deflection voltage across 
the plates and with the field intensity. 

If plate Y is positive with respect to Y’ the beam is 
deflected upward, striking the screen at A. If plate Y is 
negative with respect to Y’ the beam is deflected downward, 
striking the screen at B. If there is no deflection voltage 
across the plates the beam will strike the screen at 0. The 
amount of deflection varies with the deflection voltage across 
the plates. If plate X is positive with respect to X’ the 
beam will be deflected horizontally and strike the screen at 
C. If X is negative with respect to X’ the beam will strike 
the screen at D. Both pairs of plates are mounted near the 
output end of the electron gun with the vertical deflection 
plates farthest from the screen. Centering controls are 
provided, which enable the operator to move the spot to any 
desired point on the screen. 

The electron beam deflection angle is the angle through 
which the beam may be deflected in any direction from the 
center line through the tube. A cathode-ray tube having a 
50° deflection angle is one in which the electron beam can be 
deflected in any direction at an angle of 25° with respect to 
the center line. Such tubes are called wipE ANGLE TUBES 
and are constructed with a greater flare and shorter length 
so that the beam can be deflected through a large angle 
without striking the tube walls. Wide-angle cathode-ray 
tubes are used extensively in television receivers. 

The length of time that the screen glows or fluoresces at 
the point where the electron beam strikes it depends on the 
material of the phosphor coating on the screen, and is known 
@8 SCREEN PERSISTENCE. Some cathode-ray tubes have a 
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long persistence screen and others a short persistence, depend- 
ing on their use. The screen phosphors are designated by 
the letter ‘‘P”’ followed by a number. Most radar indicator 
cathode-ray tubes employ P1, P4, or P7 screen phosphors. 
The P1 and P4 phosphors have medium persistence and give 
off green and white light respectively. The P7 screen has 
long persistence and gives off yellow light. 

All fluorescent materials have some phosphorescence, or 
afterglow, but the duration of the afterglow varies with the 
material, as well as with the amount of energy in the beam 
causing the emission of light. For oscilloscopes that are to 
be used for observing nonrepeating phenomena or periodic 
phenomena that occur at a low repetition ratio, a screen 
material on which the image will linger is desirable. In 
applications where the image changes rapidly, prolonged 
afterglow is a disadvantage, because it may cause confusion 
on the screen. 

The eye retains an image for about one-sixteenth of a 
second. Thus in a motion picture the illusion of motion is 
created by a series of still pictures flashed on the screen so 
rapidly that the eye cannot follow them as separate pictures. 
In the cathode-ray tube the beam is repeatedly swept across 
the screen and the series of adjacent spots appears as a con- 
tinuous line. Thus the wave shape of an a-c voltage can be 
observed on the screen when the a-c voltage is applied to one 
pair of deflection plates and simultaneously a second voltage 
of appropriate characteristics is applied to the other pair of 
plates. 

The conventional way of representing voltage or current 
of sine waveform is shown in figure 13-4, A. The voltage 
to be observed is applied across the vertical deflection plates 
and simultaneously a saw-tooth voltage is applied across the 
horizontal deflection plates. The saw-tooth voltage moves 
the beam from left to right at constant speed to form the 
time scale along OX; then it returns the beam rapidly to the 
starting position at the left and repeats the operation. The 
saw-tooth voltage is so named because when plotted against 
time it resembles a saw-tooth as shown in figure 13-4, B. | 
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Figure 13-4.—Sine-wave and saw-tooth voltage waveforms. 
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As the voltage increases from A to B the beam is swept from 
0 to 12 (fig. 13-4, A). As the voltage falls from B to C in! 
figure 13-4, B, the beam is quickly returned to its starting 
position and the process is repeated. 

If an a-c voltage of sine waveform is placed across the, 
vertical deflection plates with no horizontal deflection, a, 
single vertical line appears on the screen. The varying 
rate of change of the voltage is hidden because the vertical ! 
movements retrace themselves repeatedly on the same | 
vertical line. Similarly, if a sweep voltage of saw-tooth 
waveform is applied to the horizontal deflection plates in 
the absence of vertical deflection, a horizontal line is formed 
and the rate of change of the voltage is obscured. However, 
when both voltages are introduced at the same time, the 
vertical motion of the beam is spread out across the screen 
to form a sine curve like that shown in figure 13-4, A. 


Oxcilloscope Circuits 


A block diagram of a cathode-ray oscilloscope is shown 
in figure 13-5. The horizontal deflection amplifier is a 
high-gain R-C coupled class-A wide-band voltage amplifier 
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Figure 13-5.—Block diagram of a cathode-ray oscilloscope. 
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that increases the amplitude of the horizontal input voltage 
and applies it to the horizontal deflection plates. The 
sweep generator supplies a saw-tooth voltage to the input 
of the horizontal amplifier through a switch that provides an 
optional external connection. The vertical deflection ampli- 
fier increases the amplitude of the vertical input voltage 
before applying it to the vertical deflection plates. The 
input to the vertical amplifier appears in magnified form on 
the viewing screen as a graph of the current or voltage 
waveform being examined. A rear terminal block provides 
direct electrical connections to the deflection plates. The 
direct connections are used, for example, when examining 
d-c potentials, or high-frequency signals that would be 
attenuated excessively by the amplifier circuits. The power 
supply provides all d-c voltages for the tubes including a 
high d-c potential for the cathode-ray tube. 

A schematic diagram of an elementary cathode-ray 
oscilloscope is shown in figure 13-6. The cathode-ray tube 
employs electrostatic focusing and deflection. V1 is the 
vertical amplifier, V2 the horizontal amplifier, and V3 the 
sweep generator. R1 is a manual vertical gain control, 
R2 is a manual horizontal gain control, S3 is the coarse 
frequency adjustment for V3, and R10 is the fine frequency 
adjustment. An external synchronizing signal may be 
applied from an external source to the grid of V3 when S2 
is in the ext. sync. position. The synchronizing signal is 
obtained from the plate of V1 when S2 is in the inv. sync. 
position. R3 provides manual control of the sync signal 
amplitude. 

The low voltage power supply includes a conventional full 
wave rectifier, V4; secondary windings 14, L5, and L6 of the 
power supply transformer; and the pi-filter (C17, L13, and 
C18). The cathode of V4 is positive with respect to ground. 
The output voltage (440 volts) is applied to the plate circuits 
of V1, V2,and V3. The voltage divider (R14, R15, and R19) 
is connected across the output of V4 and supplies +170 
volts to the left side of the centering controls (R17 and R18). 

The high voltage power supply includes V5 and secondary 
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Figure 13-6,—Schematic diagram of an elementary cathode-ray oscilloscope 
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Figure 13-6.—Schematic diagram of an elementary cathode-tay oscillo- 
scope—Continued. 
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windings L6, L7, and L8 of the power supply transformer. 
The output voltage of V5 is negative with respect to ground/ 
and is applied across the voltage divider (R20, R21, #22.' 
and R24). (C19 filters the output voltage. The tap between 
R20 and R21 supplies —170 volts to the right side of R17 
and R18. 


The cathode of the cathode-ray tube is connected at: 


—1,000 volts with respect to the ground. The second anode 
in the cathode-ray tube is grounded, and the first anode is 
negative with respect to the second anode but both anodes 
are positive with respect to the cathode. This arrangement 


provides the necessary accelerating voltage for the electrons | 


in the beam to form a bright spot on the screen and at the 
same time prevents defocusing the spot by holding the aver- 
age voltage across the deflection plates close to the potential 
of the second anode. The arrangement also introduces a 
safety factor by removing high voltage from the deflection 
plates and the associated input terminals on the rear panel. 

Capacitors C1, C2, and C3 block any external d-c voltage 
components from the grids of V1, V2, and V3. Similarly, 
capacitors C7 and C8 block the d-c components of plate 


voltage from the cathode-ray tube deflection plates and at the | 


same time couple the a-c components to them. C9 couples a 
blanking pulse to the grid of the cathode-ray tube, which 
blanks out the return trace of the sweep generator. During 
the time the sweep voltage rises in a positive direction, 
C9 charges at a constant rate through R24 and the C-R tube 
bias is reduced accordingly. As the sweep voltage suddenly 
falls and snaps the electron beam back to the left side of the 
screen, C9 rapidly discharges through R23, driving the 
cathode more positive, and biases the C-R tube below cutoff 
so that the return trace is invisible. 

The synchronizing voltage applied to the grid of V3 
stabilizes the screen pattern, as described in chapter 7. 

R17 and R18 are positioning controls that provide manual 
adjustment of the low d-c voltages that may be applied 
across the two pairs of deflection plates. The spot is approxi- 
mately centered on the screen when the voltage between the 
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contact arms of R17 and R18 is zero. Moving the contact 
arm of R17 to the right makes one vertical plate more nega- 
tive and thus repels the beam and moves the spot vertically 
®@ certain distance on the screen. Conversely moving the 
contact arm of R17 to the left of the zero position makes the 
vertical plate more positive, and thus attracts the beam 
and moves the spot in the opposite direction. 


Appliactions 


OBSERVATION OF WAVEFORMS.—The cathode-ray oscillo- 
scope is generally used to observe voltage waveforms in 
testing electrical circuits. The electrostatic cathode-ray 
tube employs voltage sources rather than current, to deflect 
the electron beam. For this reason the electrostatic type 
of cathode-ray tube is used in test oscilloscopes. The 
electromagnetic cathode-ray tube is a current-operated 
device. It is used in certain applications other than general 
testing, where its properties make it more suitable than the 
electrostatic tube. 

To obtain an accurate representation of the voltage wave- 
form, a few precautions must be observed. For the protec- 
tion of both the operator and the oscilloscope, the approxi- 
mate magnitude of the voltages in the circuit under test 
must be known. Dependable data can be obtained from the 
oscilloscope only if its sensitivity and its frequency charac- 
teristics are known. To make certain that the waveform 
will not be distorted, it is essential that the manner in which 
distortion takes place be understood and that precautions 
be taken to minimize such distortion. 

The input to most oscilloscopes is between an input 
terminal and ground. The input terminal is coupled to the 
amplifier grid through a capacitor whose voltage rating 
rarely exceeds 450 volts. Therefore, unless the approximate 
magnitude of the voltage under test is known, damage to 
the oscilloscope through breakdown of the input capacitor 
may occur. 

In some cases it may be necessary to observe waveforms 
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in circuits where the voltage is much greater than that which 
the components within the oscilloscope can withstand. A 
voltage divider may be used in such instances to reduce the 
voltage to a value that will not damage the equipment. In 
any case it is important that the oscilloscope be adequately 
grounded—a precaution that must be taken for the protec- 
tion of the operator, because a failure of some part of the 
voltage divider can raise the potential of the whole oscillo- 
scope to a dangerous level if the case is not solidly connected 
to ground. 

If a capacitance voltage divider is used, a wise precaution 
is to shunt each capacitor with a high resistance to maintain 
the proper voltage distribution across each capacitor. 

The range of sweep frequencies in a given oscilloscope is 
usually indicated on the control panel, as shown in figure 
13-7. The sweep frequency generator in this example has 
a frequency range of 3 to 50,000 cps. The frequency range 
that the vertical and horizontal amplifiers are capable of 
amplifying properly is given in the applicable manufacturer’s 
instruction book. In this example the vertical amplifier has 
a bandwidth of from 30 cps to 2 mc and the horizontal 
amplifier has a bandwidth of from 25 cps to 100,000 cps. 
Generally, only the best oscilloscopes use amplifiers that 
will amplify voltages whose frequency is below 30 cps or 
above 100,000 cps. Oscilloscopes that do not cover as wide 
a range of frequencies as the one shown in figure 13-7 may 
be satisfactory for most uses, but distortion is likely to 
occur when saw-tooth or rectangular waveforms of a high 
recurrence rate are investigated. 

The deflection sensitivity may be expressed as the distance 
in millimeters that the spot is moved on the screen when 
1 volt is applied across one pair of deflection plates. The 
deflection sensitivity of the vertical deflection plates in the 
oscilloscope shown in figure 13-7 is 0.528 millimeters per 
volt. Expressed in volts per inch of deflection, the deflection 


0.508” or 48 volts per inch. The deflection sensi- 


becomes 
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Figure 13-7.—Oscilloscope controls, 


tivity of the horizontal plates in this example is 0.379 milli- 
meters per volt, or 67 volts per inch. 

The deflection sensitivity may also be expressed as the 
input voltage to the amplifier (horizontal or vertical) for a 
deflection of 1 inch of the spot on the screen. In this case 
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the amplifier gain control is adjusted to a suitable value 
that is arbitrary (for example, mid scale). In the example 
of figure 13-7, both the horizontal and vertical deflection 
sensitivity are 0.1 volt rms for 1 inch peak-to-peak deflection. 
To avoid pick-up of stray signals the leads from the circuit 
under test should be as short as possible, and they should be 
shielded. The cathode-ray tube itself is shielded by the 
aquadag coating on the inside of the tube and a metal shield 
on the outside. A common side of the oscilloscope circuits 
is grounded and should be connected to a ground point in 
the circuit under test and to a good external ground con- 
nection. 
Several causes of distortion are possible in the production 
of a cathode-ray tube display. Some of these causes are: 
1. Exceeding the bandwidth limitation of the deflection 
amplifiers. 
. A defective sweep generator. 
. Excessive fly-back time. 
. Excessive synchronizing voltage. 
. Oscilloscope loading of a high impedance test circuit. 
. Oscilloscope capacitance shunting of video amplifier 
test circuit. 
7. Use of a variety of oscilloscopes and test leads on one 
equipment. 
8. Improper shielding of test leads. 


SYNCHROSCOPE 


Components 


Qouaurwn 


An oscilloscope that has a sweep of very short duration 
generated only when a synchronizing signal is provided is 
called a syNcHRoscore. A block diagram of a simplified 
synchroscope is shown in figure 13-8. A signal pulse trig- 
gers the sweep circuit, which has a saw-tooth waveform in 
which the time of one sweep is small compared with the 
time between successive sweeps. An alternate method of 
triggering the sweep is by a separate timing generator (not 
shown in the figure). In either case the sweep is initiated 
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Figure 13-8.—Block diagram of a simplified synchroscope. 


before the signal pulse reaches the deflection plates. The 
delay circuit permits the sweep circuit to be initiated before 
the application of the pulse to the vertical plates. This 
action causes the entire pulse including the leading edge to 
appear on the screen. 

Synchroscopes have several calibrated sweeps—for ex- 
ample, the sweep may be 50 microseconds, 200 microseconds, 
or 1,000 microseconds in length. Such instruments are use- 
ful in observing the waveform of very short pulses like those 
from a radar equipment, or in observing the time interval 
between pulses and the duration of a pulse. A very im- 
portant function of a synchroscope is to observe the stand- 
ing-wave ratio in a waveguide between a radar transmitter 
and antenna in tuning and checking the equipment for 
optimum performance. 


ELECTRONIC SWITCHING 


An electronic switch is a device that utilizes the properties 
of gas-filled or high-vacuum tubes for closing, opening, or 
changing the operation of an electronic circuit. The elec- 
tronic switch is more sensitive than a mechanical switch. 
It is very fast and is usually silent in operation. For ex- 
ample, an electronic switch may be used to GATE an amplifier 
circuit—that is, to cause it to function during a given period 
of time and to prevent it from functioning at other times. 
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The on-and-off periods of operation may be the same or they 
may be different, depending on the operating requirements. 


Multivibrator Used as an Electronic Switch 


A multivibrator may be used as in figure 13-9, A, to cut 
an amplifier tube, V1, on and off at the multivibrator fre- 
quency. The waveforms shown in figure 13-9, B, indicate 
the manner in which V1 is gated. The multivibrator out- 
put, ¢x, composed of essentially square waves, is developed 
cross the cathode resistor of V3. V3 conducts periodically 
and develops a positive gate voltage, e,, between the cathode 
and ground of V1. The gate voltage cuts off V/ during the 
time V3 conducts. If the input to V1 is a series of regularly 
spaced positive voltage spikes, as shown in figure 13-9, B, 
the gate voltage permits pulses to pass through V1 and 
blocks off two pulses. If the gate voltage existed for a 
longer period of time, three or more pulses could be passed 
and an equal number suppressed. 

The switching action of a multivibrator may also be used 
to show, for purposes of comparison, two or more signals on 
a cathode-ray oscilloscope apparently at the same time. 
Although the signals are not actually present at the same 
time they appear to be so because of persistence of vision of 
the human eye. 

An arrangement for presenting two signals at the same 
time is shown in figure 13-10. Tubes V1 and V2 with their 
associated circuits make up a conventional multivibrator. 
V3 and V4 separate amplifier stages having a separate input 
and a common output via C5 to the vertical deflection plates 
of an oscilloscope. 

The circuit operates as follows: So that the signal will be 
stationary on the oscilloscope, assume that input signals A 
and B have the same frequency and that input signal A is 
used to synchronize the multivibrator. When V1 conducts, 
V3 is cut off and the amplified signal from V4 appears on 
the oscilloscope. When V2 conducts, V4 is cut off and the 
amplified signal from V3 appears on the oscilloscope. It is 
assumed that the time of one positive pulse from the multi- 
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Figure 13-10.—Multivibrator electronic switch for use with a cathode-ray 
oscilloscope. 


vibrator is equal to that of one or more periods of input 
signal A. 

By connecting the output of the electronic switch to the 
vertical amplifier on the oscilloscope and by proper adjust- 
ment of the level controls on the electronic switch (not shown 
in the figure) the two signals are made to appear on the 
same horizontal axis on the oscilloscope screen. By adjust- 
ing the external synchronizing signal control on the oscillo- 
scope the two signals are made to start at the same point 
on the horizontal axis. The external synchronizing signal 
may originate with either signal A or signal B. 
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ABSORPTION WAVE METER 


Absorption wave meters are used to measure the frequency 
of the higher r-f sources. They operate on the principle that 
the current in an L-C-R circuit, coupled to the source being 
measured, will increase to a maximum when the L-C-R cir- 
cuit is tuned to the resonant frequency of the source. Thus 
at relatively low frequencies (up to about 30 mc) a simple 
tuned circuit like the one shown in figure 13-11 may be em- 
ployed. The inductor, Z, is usually wound on a standard 
plug-in coil form so that a number of coils, each covering a 
specific range of frequencies, may be used. The capacitor, 
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Figure 13-11.—Absorption wave meter. 
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C, is variable so that the circuit may be brought into reso- | 
nance at a particular frequency in any of the ranges covered 
by the plug-in coils. The capacitor is calibrated and with 
this calibration the resonant frequency can be readily 
determined. 

The current indicator may be an r-f milliammeter, or in 
less expensive types, a low-voltage incandescent flashlight 
bulb (B in the figure). Since absorption wave meters tend 
to detune self-excited oscillator circuits to which they are 
coupled, they cannot be relied on for very accurate measure- 
ments. Because such meters are relatively insensitive, they 
indicate only the fundamental frequency. At high frequen- 
cies the resonant circuit may be Lecher wires, coaxial stubs, 
butterfly circuits, or tuned cavities. 


GRID-DIP METER | 


The grid-dip meter is a versatile and popular test instru- | 
ment. A simplified circuit of the grid-dip meter is shown in 
figure 13-12.h Wit this meter it is possible, among other 
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Figure 13-12.—Schematic diagram of a grid-dip meter. 


things, to determine the resonant frequency of an antenna 
system, to detect harmonics, and to check relative field 
strengths—for example, in rotating a television antenna for 
maximum signal strength. The meter may also be used as 
an absorption frequency meter when the oscillator is not 
energized. 
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Basically this instrument is a calibrated oscillator in which 
provision is made for metering the grid current in the 
oscillator circuit. With the oscillator functioning, energy 
is coupled from the tuned circuit (composed of C1, C2, and 
1) to the circuit under test. The circuit under test is sup- 
plied a small amount of energy via tank coil Z1 of the meter. 
Except for the field of Z1, the circuit under test is deener- 
gized. The capacitors are rotated to the point where the 
oscillator tank frequency is equal to the resonant frequency 
of the circuit under test. At resonance the grid current 
decreases as indicated by the dip in the grid meter. The 
energy absorbed from L1 by the circuit under test decreases 
the a-c component of plate voltage thus causing a decrease 
in feedback energy from the plate to the oscillator grid. 
The grid voltage is driver: less positive and the grid current 
decreases. 

In order to determine the resonant frequency of an an- 
tenna system, coil Z1 of the meter is brought into close 
proximity to the antenna when the latter is deenergized. 
The proper point along the antenna is the point corre- 
sponding to a high-current point when the antenna is ener- 
gized. If the antenna has its center open, a jumper is used 
as a temporary short so that the test may be made. The 
meter is tuned until the dip of the grid current indicates 
resonance. Harmonics may also be indicated in the same 
manner. 

Standing waves on an open transmission line may be 
checked by removing the plate power supply and operating 
the tube as a diode detector. This action is similar to that 
of an absorption wave meter. 


FREQUENCY STANDARDS 
Primary Frequency Standard 


When a major naval operation is planned, surface ships, 
submarines, carrier-based planes, and other units may be 
required to maintain radio silence until contact with the 
enemy is made. Separate movements are then synchronized 
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{ 
by means of preset-communication frequencies. One of the 
most important assignments of a technician is to have radio! 
receivers and transmitters accurately adjusted to the fre 
quencies assigned by the task-force communications officer. 
Such an assignment involves the use of a frequency standard 
of high accuracy, such as the LR or LM frequency meter. 
If the frequency meter is out of order (for example, as the 
result of a defective reference crystal), it becomes necessary 
to replace the crystal and verify the accuracy of the new 
reference crystal. The primary frequency standard is sta- 
tion WWV operated by the National Bureau of Standards. 
Every frequency meter should be checked weekly against 
the WWV transmissions to assure that the reference crystal 
is still reliable. Standard-frequency transmissions are useful 
also as standards for measuring field intensity and audio 
frequencies. 

The schedule of services offered by station WWV is 
published in Radio Navigational Aids, H. O. 205, issued by 
the USN Hydrographic Office. For current information 
refer to this publication. Revisions to the schedule of 
services are reported from time to time in nearly all naval 
electronic magazines. 


Secondary Frequency Standards | 


The LM frequency meter is a secondary frequency stand- 
ard of high accuracy. The simplified block diagram shown 
in figure 13-13 shows the basic components of the LM~-18 
meter and indicates how they function. This meter is 
fundamentally a stable, self-excited heterodyne oscillator of | 
the electron-coupled type covering the range from 125 ke to 
20 mc and having a separate crystal-controlled reference 
oscillator incorporated within it. Zero beats are provided 
at several reference points between the two oscillators. 

As indicated in figure 13-13, A, the crystal oscillator serves 
as a means of checking the heterodyne oscillator frequency. 
A small trimmer capacitor is connected in parallel with the 
main tuning capacitor and serves to correct the frequency of 
the heterodyne oscillator at the nearest crystal check point. 
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Figure 13-13.—Simplified block diagram of the LM-18 meter. 


The beat frequency between the two oscillators is detected, 
amplified, and fed to the headphones for aural indication. 
At zero beat, the heterodyne oscillator frequency is correct 
for the dial setting as indicated in the calibration book, for 
the selected crystal check point. 

For transmitter adjustment, the heterodyne oscillator, 
after calibration, is combined with the r-f signal input from 
the transmitter, as shown in figure 13-13, B. Zero beat 
results when the transmitter is adjusted to the frequency of 
the oscillator. Aural indication is accomplished in the same 
manner as calibration of the heterodyne oscillator. 

The equipment may serve as a signal source for alignment 
and calibration of receivers, as indicated in figure 13-13, C. 
After calibration to the nearest crystal check point, the out- 
put of the heterodyne oscillator is fed to the receiver. An r-f 
attenuator is provided for adjustment of the output signal 
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level. The receiver is tuned to zero beat with the heterodynti 
oscillator, as indicated by means of the headphones in th: 
output circuit of the receiver. By means of circuit switching 
the audio amplifier serves as a 500-cycle modulator. For a-n 
input signals, receiver calibration is performed by tuning for 
maximum audio output. 

The output of the LM meter is too low for some mainte 
nance uses for which less accurate signal generators with 
higher output power are provided. Since the oscillator may 
be set within 1 part in 10,000 for the range from 2 to 20 mc. 
careful use of the LM meter should result in close agreement 
of all transmitters and receivers set to any one frequency. 

Other secondary frequency standards used by the Navy 
include the LR and TS-186/UP. The LR covers 15 ranges 
from 160 ke to 30 mc, with harmonic extensions on some 
frequencies above 30 mc. The accuracy of the r-f output of 
the LR is within 0.003 percent. The TS-186/UP covers the 
range from 100 to 10,000 me having an over-all accuracy of 
0.01 percent. 


R-F Signal Generator 


The output power of a secondary frequency standard or | 
frequency meter is too low to energize directly an output 
meter when radio equipment is being serviced. Signal 
generators, such as Navy types LP and LX, have sufficient 
power for general service work. Some signal generators 
include vacuum-tube voltmeter circuits, modulating circuits, 
and others. The various test sets (for example, TS-382/U 
and TS-535/U) employ auxiliary circuits for specialized 
test work. 

Basically an r-f signal generator is a device used for the 
production of r-f voltages by means of a well-shielded 
oscillator. It has a frequency-calibrated dial, a provision for 
adjusting the amplitude of the output voltage, and a means 
for modulating the r-f signal if desired. Other refinements 
may also be included. 

By the application of a proper r-f signal it provides a means 
of aligning the r-f and i-f circuits of a receiver. If the equip- 
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ment is sufficiently accurate and if a detector circuit together 
with one or more audio stages is included, the device may be 
used to determine an unknown frequency by the zero-beat 
method. 

To afford a better understanding of the construction and 
function of an r-f signal generator, the Navy model LAH 
signal generator is described briefly. A simplified circuit 
diagram of this meter is shown in figure 13-14. 


R-F OSCILLATOR 








Figure 13-14,—Simplified diagram of Navy model LAH signal generator. 


The r-f oscillator tube, V1, is operated as a tuned-plate 
oscillator. Five sets of coils (not shown in the figure) in 
conjunction with C1 permit the set to operate on five fre- 
quency bands covering the range from 100 ke to 32 me, all 
operating on fundamental frequencies. One r-f trap in the 
filament circuit of V1 tends to keep r-f out of the filament. 
Another trap in the plate circuit of V1 keeps r-f out of the 
modulation transformer. 
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The V3 and the modulation transformer constitute the 
400-cycle internal audio oscillator, which provides the 
necessary energy to modulate the r-f oscillator at approx- 
imately 30 percent. 

The attenuator is built in two sections. The first section 
may be adjusted to give four levels of attenuation (approx. 
10-to-1 per step). The second section permits a vernier 
adjustment of the output. The attenuator is so designed 
that it presents a constant load to the oscillator. 

This type of oscillator may be used with an output meter 
for the alignment of radio sets. 


A-F Signal Generator 


A signal generator that would incorporate all types of 
signals required in the servicing of electronic equipment 
would be too expensive and bulky for practical use. There- 
fore, the present trend in test equipment is toward signal 
generators that can be used individually or in combination 
with auxiliary equipment. The a-f signal generator is no 
exception. 

A-f generators are used in plotting response curves on audio 
amplifiers, transformers, and other audio circuits. They are 
also used in plotting curves on filter circuits, for supplying 
audio modulation to r-f signal generators, and for numerous 
other applications. 

One common type of audio oscillator is the beat frequency 
oscillator (BFO) of which Navy model LO-3 is an example. 
The block diagram of this model is shown in figure 13-15. 





FIXED 
osc FILTER FILTER 


VAR 
osc 


Figure 13-15.—Block diagram of Navy model LO-3 beat-frequency 
oscillator. 
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It is composed of a fixed frequency oscillator that operates 
at a frequency of 250 kc, and a variable frequency oscillator 
that operates in the range between 235 kc and 250 ke. The 
resulting beat extends from zero to 15 ke. 

Two oscillators supplying a common load and operating at 
nearly the same frequency will tend to lock into synchronism 
with each other and thus produce a zero beat. The r-f 
bridge isolates the two oscillators and prevents them from 
pulling into step as they approach the same frequency (at 
low a-f settings on the dial). The bridge circuit permits a 
more accurate calibration at the low frequencies. The filter 
following the fixed oscillator prevents harmonics in the fixed 
oscillator from entering the modulator. The filter following 
the modulator blocks r-f from the audio-amplifier grid. The 
filter following the a-f amplifier completes the filtering and 
prevents any remaining r-f currents from reaching the output. 

To make the frequency calibration accurate under condi- 
tions of changing ambient temperature, aging of tubes and 
components, and so forth, a zero-beat indicator is included 
in the circuit. The input of the indicator tube is connected 
to the output of the modulator and as the frequency dial is 
turned toward zero the slow beating of the oscillators is 
observed in the indicator tube. 

The output of the oscillator is controlled by a constant- 
impedance pad. 


RADIO-INTERFERENCE FIELD-INTENSITY METER 


Field-strength meters covering the various frequency 
ranges have been developed for locating r-f interference. An 
example of an h-f and y-h-f radio-interference field-intensity 
meter is the TS-587/U. 

A field intensity meter is essentially a portable radio 
receiver with an attached meter to indicate the strength of 
the received signal. It is useful in locating the source of an 
interfering signal on own ship; for testing the effectiveness 
of measures for eliminating interference; for seeking out the 
sources of radiation on own ship that violate radio silence; 
and for plotting field patterns of directive antenna arrays. 
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It is less sensitive than a radio-countermeasures receiver, 
which may also be used to detect unauthorized transmission 
but which is handicapped by lack of mobility. Direction 
finders may also be used for this purpose. 

Figure 13-16 illustrates one use of the OF interference 


LOOP PROBE 





RECEIVER 


of radio noise. 


locator, and figure 13-17 is a block diagram of this equipment. 
The OF equipment is an early type of field strength meter | 
and is representative of the class. Other types, such as the 
TS-576/U, have been developed that have wider ranges and 
greater sensitivity. 
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Figure 13-1 7.—Block diagram of model OF-2 interference locating equipment. 


The block diagram of the OF-2 (fig. 13-17) indicates it 
to be essentially a superheterodyne radio receiver. The 
circuit is conventional except for the addition of the noise 
generator and the meter circuits. 

Control-grid bias for the first and second i-f tubes (having 
remote cutoff characteristics) is supplied by the a-v-c system. 
This feature enables the voltage developed across the diode 
load resistor to be stabilized at a value approximately pro- 
portional to the logarithm of the input signal. This action 
is necessary in order to provide an indicating meter scale 
with a range extending from 10 to 1,000 microvolts and with 
uniform reading accuracy over the entire range. 

A diode is used to supply the a-v-c voltage, and a portion 
of this voltage is fed to the d-c amplifier which has the indi- 
cating meter in the plate circuit. Thus, while the meter 
reads the rectified a-v-c voltage, it is effectively reading signal 
voltage because, as mentioned previously, the a-v-c voltage 
is proportional to the logarithm of the signal voltage. A 
battery is provided in the plate circuit of the diode to buck 
out the indicating meter current under zero input conditions. 
In this way the meter is set for zero under conditions of no- 
signal input. Another diode rectifies the signal to provide 
an audio output for the headphones. 

The shot-noise generator is employed for calibration 
purposes. The output of the generator is set, in the process 
of calibration, to duplicate the strength of the signal under 
test. Because the output of the shot-noise generator is 
known, it is thus possible to measure the unknown signal 
strength by comparison. 

Because power for the set is supplied entirely by dry 
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batteries, no rectifiers or power transformers are necessary, 
and the equipment is portable. 


Measurement and Location of Interference 


To locate a source of radio interference, the interfering 
signal is tuned in on the radio-interference field-intensity 
meter. Earphones should be used to identify the signal 
being received, as in figure 13-16. An electrostatically 
shielded loop probe (shown enlarged in fig. 13-16) may be 
used as an antenna to locate source of noise in machinery. 
Moving the probe in the direction of the source (or some con- 
ductor radiating the noise energy) causes the signal strength, 
as indicated by the meter or earphones, to increase. Moving 
the probe away from tiie source causes the signal strength to 
decrease. Inspection of all rotating equipment usually is 
necessary to locate interference on shipboard, and a final 
check should be made by starting and stopping the suspected 
device. 

Occasionally v-h-f transmitters indirectly cause inter- 
ference in lower frequency bands. For example, on one 
carrier a search radar was causing interference with all TBS 
and other radio reception. Two steel-wire stays, in loose 
contact near the radar antenna, were causing the interference. 
Energy picked up from the radar antenna by the stays was 
causing an arc at the contact, and this was reradiated at a 
lower frequency corresponding to the natural period of the 
stays. 

In many commercial broadcast receivers the antenna is 
coupled to the mixer, thus permitting radiation in the an- 
tenna from the local oscillator. The use of such receivers 
might produce radiation that could be detected by the 
enemy. Therefore all Navy receivers approved for ship- 
board use must have the oscillator separated from the an- 
tenna circuit by sufficient preselection and shielding to reduce 
radiation from the antenna to less than 400 micromicrowatts. 
The exact method of measuring this radiation is set forth in 
specifications provided by the Bureau of Ships. Electric 
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azors and other sources of interference not only cause diffi- 
sulties in radio reception but also interrupt radio silence and 
‘ender a ship vulnerable to attack. 

It is the responsibility of the electronics officer to make 
zertain that no equipment on the ship is emitting a radio 
3ignal on which an enemy direction finder can be trained. 


SPECTRUM ANALYZER 


A spectrum analyzer is an electronic test equipment which 
provides a visual indication of the frequency components 
(spectra) of an amplitude-modulated radio wave. The radio 
‘wave may be modulated by keying, by voice, by radar pulses, 
and so forth. In every case the resulting waves include a 
carrier frequency and its associated upper and lower side- 
band components. The pattern on the screen of a cathode- 
ray tube is a graph of signal voltage versus frequency. Ordi- 
nates represent peak voltage and abscissas represent 
frequency. 

A simplified block diagram of one form of spectrum 
analyzer is shown in figure 13-18. The input signal is con- 
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Figure 13-18.—Simplified block diagram of one form of spectrum analyzer. 


verted in the mixer to the difference frequency (IF) between 
the input signal and the local oscillator. Any modulation 
present in the input signal is transferred to the intermediate 
frequency, removed from it at the detector, amplified by the 
video amplifier, and applied to the vertical deflection plates 
of the cathode-ray indicator tube. The action is similar to 
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that of a conventional superheterodyne receiver except that 
the local oscillator is frequency modulated. In other words, 
the frequency of the local oscillator is constantly being varied 
at a rate and to an extent that is determined by the sweep 
generator. The sweep generator has a saw-tooth waveform 
and sweeps the spot across the screen at a rate that is pro- 
portional to the rate of change of frequency of the local os- 
cillator. Thus the horizontal position of the spot at any 
instant is proportional to the frequency of the applied signal 
at that instant and the vertical position of the spot is pro- 
portional to the amplitude of the signal. 

Spectrum analyzers are frequently used to study the radio 
frequency spectrum produced when the carrier is amplitude 
modulated by a succession of rectangular pulses as in radar 
signals. A characteristic pattern of the pulse spectrum of 
a radar signal is shown in figure 13-19. 


Figure 13-19.—Radar pulse spectrum. 


The local oscillator of the spectrum analyzer superhetero- 
dyne receiver is swept in frequency at a rate that is propor- 
tional to the radar pulse recurrence frequency. The pattern 
is an envelope formed by the succession of pulses that are 
received during the time the spot is swept across the screen. 
In order to present sufficient detail in the screen pattern the 
sweep interval is made long enough to allow at least 50 pulses 
to occur for each sweep interval. Thus, the sweep speed 


636 


should not exceed one-fiftieth of the pulse-recurrence fre- 
quency. To avoid flicker, a long-persistence screen is used. 

The TS-148/UP spectrum analyzer is a representative 
electronic test equipment used with aircraft radar and 
beacon equipment and provides a visual indication of the 
spectra of radio frequency oscillators within a range of 8,470 
to 9,630 megacycles. A pictorial view of this spectrum 
analyzer control panel is shown in figure 13-20. This 
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Figure 13-20,—Spectrum analyzer control panel, TS-148/UP. 


analyzer is useful for observing spectra of pulsed magnetrons; 
measuring magnetron frequencies; tuning waveguides in a 
radar transmitter; checking frequency meters, TR boxes, 
and echo boxes; measuring the bandwidths of resonant 
cavities and pulse widths; and determining the distribution 
of useful transmitted power. 


CAPACITANCE-INDUCTANCE-RESISTANCE BRIDGES 


Capacitance, inductance, and resistance are measured for 
precision accuracy by means of alternating current bridges 
which are composed of capacitors, inductors, and resistors in 
a wide variety of combinations. These bridges operate on 


637 


the principle of the Wheatstone bridge in which an unknown 
resistance is balanced against known resistances. The un- 
known resistance is calculated in terms of the known resist- 
ances after the bridge has been balanced. One type of 
capacitance bridge circuit is shown in simplified form in 
figure 13-21. When the bridge is balanced by adjustment of 
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Figure 13-21.—Simplified schematic of capacity checker. 


the two variable resistors, there is no a-c voltage developed 
across the input of the indicator tube, V1, and the shadow 
angle is maximum. Any slight unbalance produces an a-c 
voltage which in turn develops a grid-leak bias and lowers 
the plate current of V1 thus reducing the shadow angle. 
The following relations exist when the bridge is balanced : 


_Ry_R. 
(ahh, (13-1) 
and 
1 
=P RCO (13-2) 


where R,, Ry, R., and R, are the resistances indicated in the 
figure; C, is the standard capacitance; and C, the unknown 
capacitance. w=2xf, where f is the frequency of the voltage 
applied across the bridge. 
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In the basic Wheatstone bridge circuit using d-c voltages 
and simple resistances the balance is obtained when the volt- 
age drops across the ratio arms are equal. In the a-c capacity 
bridge it is not sufficient to have equality of voltage drops 
in the ratio arms, but in addition the phase angle between 
current and voltage in the two arms containing the capacitors 
must be equal in order to obtain a balance. When a balance 
is obtained, the current in 2, is equal to that in R, and the 
current in C, is equal to the current in the parallel circuit 
of Cy and R,. 
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‘Fina 13-22,—Capacitance, inductance, resistance bridge, ZM-11/U. 
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The capacitance-inductance-resistance bridge, type ZM- 
11/U, shown in figure 13-22 is widely used to measure C, L, 
and FR values in addition to special tests, such as the turns 
ratio of transformers and capacitor quality tests. This in- 
strument is self-contained except for a source of line power 
and has its own source of 1,000-cps bridge current together 
with a sensitive bridge balance indicator, an adjustable 
source of direct current for electrolytic capacitor and insula- 
tion resistance testing, and a meter with suitable ranges for 
leakage current tests on electrolytic capacitors. 


TUBE TESTERS 


Two types of tube testers are in general use. One type, 
the EMISSION-TYPE TESTER, indicates the relative value of an 
electron tube in terms of its ability to emit electrons from 
the cathode. The second, and more accurate type, is the 
MUTUAL-CONDUCTANCE (or TRANSCONDUCTANCE) tube tester. 
This tube tester not only gives an indication of the electron 
emission, but also indicates the ability of the grid voltage to 
control the plate current. 


Circuits for Tube Tests 


Tube tester TV-3B/U shown in figure 13-23 is a portable 
tube tester of the dynamic mutual-conductance type de- 
signed to test and measure the mutual conductance of 
electron tubes of the receiving types and many of the smaller 
transmitting types. 

A multimeter section, using the same indicator is also 
incorporated in the equipment to permit measurements of 
a-c and d-c volts, d-c milliamperes, and resistance and 
capacitance in a number of ranges. 

Line voltage applied to the primary of the power-supply 
transformer is adjusted by means of a variable resistor in 
series with the primary power leads. The line adjustment 
switch connects the meter so that the meter deflection is 
proportional to the magnitude of the applied line voltage. 
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Figure 13-23.—Tube tester TV-3B/U. 


The shorts switch connects the various tube elements to a 
voltage source in series with a neon lamp so that it glows if 
there is a short between the elements. The simplified circuit 
is shown in figure 13-24, A. 

The noise-test jacks shown in figure 13-24, A, are con- 
nected to the antenna and ground posts of a radio receiver 
for the noise test. The short-test switch is turned through 
the various positions as the tube under test is tapped gently. 
Any intermittent disturbances between the electrodes cause 
momentary oscillations that are reproduced by the loud- 
speaker. 

Rectifier and diode detector tubes are tested for emission 
as shown in the simplified circuit of figure 13-24, B. The 
tube being tested rectifies the alternating current and causes 
a pulsating direct current to flow through the meter. The 
current indicated by the meter is proportional to the electron 
emission of the tube. Rectifiers of the cold cathode type 
(such as the OZ4) require an a-c supply of 330 volts; whereas, 
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Figure 13-24.—Simplified short- and rectifier-test circuits. 


diode detectors like the 6H6 require only about 20 volts. 


In each instance if there are two or more plates in the tube, 


each is tested separately. 

The simplified circuits for the mutual-conductance test 
are shown in figure 13-25, A. The proper d-c grid voltage 
for the tube under test is supplied by V2. The a-c signal 
voltage is developed in Z5 of the power transformer and 
acts in series with the grid bias. 
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Figure 13-25,—Simplified mutual-conductance and gas-test circuits. 


The plate voltage for the tube under test is supplied by 
V1. In the absence of a grid signal the a-c voltage on the 
d-c meter will cause no deflection because the currents in 
the two sections of R are equal and flow in opposite direc- 
tions. However, when an a-c signal is applied to the grid 
of the tube under ttst, the plate current alternately increases 
and decreased through resistor R in phase with the grid 
signal voltage. Thus, the currents through the two sec- 
tions of R become unbalanced and the voltage across the 
meter is equal to the difference in voltage across the two 
sections of R. The alternating deflecting force on the meter 
is thereby unbalanced and the indication is no longer zero. 
The meter indication is proportional to the average increase 
in plate current and is calibrated in micromhos. 

The normal screen voltage of 130 volts is excessive for 
testing certain tubes. In such cases the screen may be 
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connected to a 56-volt source by means of the push-button 
switch as indicated in figure 13-25, A. 

A simplified gas-test circuit is shown in figure 13-25, B. 
Depressing the gas-test push-button (pushed to the left) 
inserts resistor R2 in series with the grid. If the tube is 
gassy, reversed grid current will flow through R2. The 
drop across 2 is opposed to the grid bias voltage and plate 
current will increase. 


Multimeter Section 


The multimeter section of the tube tester includes a 
standard nonelectronic multirange volt-ohm-milliammeter. 
The theory of operation of these meters is included in train- 
ing manuals for basic electricty. 


VOLT-OHM-AMMETER—ELECTRONIC 


The electronic volt-ohm-ammeter incorporates several 
measuring instruments within one enclosure. The ohm- 
meter and ammeter sections are similar to those described 
in manuals for basic electricity. The theory of operation of 
the ohmmeter and ammeter does not involve the electron 
tube and for that reason is not discussed in this training 
manual. The voltmeter section is described in this chapter 
because it involves the operation of the basic triode amplifier. 


Voltmeter Errors 


The ordinary voltmeter has several disadvantages that 
make it practically useless for measuring voltages in high- 
impedance circuits. For example, suppose that the plate 
voltage of a pentode amplifier is to be measured. When 
the meter is connected between the plate of the electron 
tube and ground, the meter current constitutes an appreci- 
able part of the total current through the plate load resistor. 
Because of the shunting effect of the meter on the pentode, 
the plate voltage decreases as the current through the plate 
load resistor increases. As a result, an incorrect indication 
of plate voltage is obtained. 
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Before the voltmeter is connected, the plate current is 
limited by the effective resistance of the plate circuit and 
the plate voltage. If the tube has an effective resistance 
of 100,000 ohms, the plate load a resistance of 100,000 ohms, 
and the plate power supply is constant at 200 volts, then 


Z 200 
the plate current is 200,000" °° 0.001 ampere. The plate 


voltage is 0.001 100,000, or 100 volts. 

Assume that the voltmeter used to measure the plate 
voltage of the tube has a sensitivity of 1,000 ohms per volt 
and that the range is from 0 to 250 volts. The meter will 
then have a resistance of 250,000 ohms. This resistance in 
parallel with the tube resistance of 100,000 ohms produces 
an effective resistance of 71,400 ohms in series with the plate 
load resistor. The total resistance across the B supply is 
therefore 171 py ohms and the current through the plate 


load resistor is i71, eas" or 0.00117 ampere. Across the plate 


load resistor the voltage drop is 0.00117100,000, or 117 
volts and the plate-to-ground voltage on the tube is 200—117, 
or 83 volts when the meter is connected, thus causing an 
error of 17 percent. The lower the sensitivity of the meter 
the greater this error will be. 

A meter having 4 sensitivity of 20,000 ohms per volt and 
a 250-volt maximum scale reading would introduce an error 
of about 1 percent. However, in circuits where very high 
impedances are encountered, such as in grid circuits of 
electron tubes, even a meter of this sensitivity would impose 
too much of a load on the circuit. 


Electron-Tube Voltmeter 


Another limitation of the D’Arsonval a-c rectifier type 
voltmeter is the shunting effect at high frequencies of the 
relatively large meter rectifier capacitance. This shunting 
effect may be eliminated by replacing the usual metallic 
oxide rectifier with an electron-tube amplifier in which the 
plate circuit contains the d-c meter, and the voltage to be 
measured is applied to the grid circuit. Such a device is 
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called an ELECTRON-TUBE VOLTMETER. Voltages at fre 
quencies up to and greater than 100 megacycles can be 
measured accurately with this type of meter. 

THE INPUT IMPEDANCE IS LARGE, and therefore the current 
drawn from the circuit whose voltage is being measured is 
small and in most cases, negligible. 

Simplified diagrams of the a-c and d-c electron-tube volt- 
meter sections of Navy model OBQ-4 volt-ohm-ammeter 
are shown in figure 13-26. 

The operation of d-c amplifiers of the type used in electron- | 
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Figure 13-26.—Electron-tube voltmeter. 
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tube voltmeters is discussed in chapter 5 and may be re- 
viewed for a better understanding of the operation of electron- 
tube voltmeters. 

The a-c voltage to be measured is applied to the a-c probe 
(fig. 13-26, A). It is rectified by V1 and filtered by the 
R-C network in the probe. 

The meter circuit is a balanced bridge network. When 
the input voltage between the probe and ground is zero, the 
bridge is balanced and the voltages across the two arms 
containing the plate load resistors of V2 are equal. Thus, 
the d-c meter indicates zero. If a voltage is applied be- 
tween the probe and ground, the bridge becomes unbalanced 
and current flows through the meter. The meter is calibrated 
in rms volts. The input impedance is very high. At the 
lower frequencies the input capacitance is negligible, but as 
the frequency increases the input capacitance introduces an 
additional load on the circuit under test and causes an error 
in the meter reading. 

The d-c electron-tube voltmeter circuit is shown in figure 
13-26, B. The d-c voltage to be measured is applied be- 
tween the d-c input terminal and ground. The d-c input 
voltage is therefore applied through #23 to the divider net- 
work feeding the grid of V2A. The grid of V2B is grounded. 
The meter is connected across a normally balanced bridge 
so that the application of the d-c voltage unbalances the 
bridge and causes the meter to deflect. The calibration is 
in d-c volts. Bias is obtained for V2A and B through the 
voltage drop across 213, R14, and R15. The cathodes are 
positive with respect to ground by an amount equal to the 
bias. Thus the grids are correspondingly negative with 
respect to the cathodes. 

In figure 13-26, A, diode V1 causes a contact potential to 
be established across the voltage divider network connected 
to the grid of V2A. This voltage would unbalance the 
bridge. Therefore a similar contact potential is introduced 
across the grid of V2B from V3 and its associated voltage 
divider to balance the bridge before the a-c voltage to be 
measured is applied to the diode probe. 
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In figure 13-26, B, no diode probe is used, hence no 
contact potential is established so that V3 and its associated 
voltage divider network are omitted from the circuit. 


TEST-TOOL SET 


A test-tool set is provided electronics technicians for use 
as a test and repair set for general service work and emer- 
gency repair on electronic and electrical equipment. Repre- 
sentative of this type of equipment is test-tool set 
AN/USM-3, which includes a variety of tools and test 
equipment, as identified in figure 13-27. The set is sup- 
plied with the items fitted into a compact lightweight case 
in a manner such that all items are accessible and easily 
located. 

The test-tool set includes a tube tester similar to the 
one previously described in this chapter. The set also 
includes a signal tracer which consists of a variable gain a-f 
amplifier and output meter. Audio modulation on voltages 
having frequencies of from 15 kc to 400 mc is detected by an 
accompanying test prod and amplified by the signal tracer. 
A telephone receiver, r-f cable assembly, and test prods are 
located in the accessory case to the left of the tube tester. 

An interference generator is included to generate a-f and 
r-f voltages for test purposes. This unit is an aperiodic 
impulse buzzer-type generator housed in a probe case. 
Pressing the button at the top of the probe connects an 
enclosed battery with the buzzer. The buzzer frequency is 
approximately 2,000 cps with harmonics extending up to 
approximately 400 me. 

A voltage indicator probe is included in the test-tool kit. 
This unit consists of 2 meter elements so arranged that one 
indicates whether the line is a-c or d-c, and the second indi- 
cates the magnitude of the voltage. The second meter is 
calibrated in effective (rms) volts, which is about 10 percent 
higher than the average value when the voltage has a sine 
waveform. 

An r-f probe is included which indicates the presence of 
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Figure 13-27.—Test-tool set AN/USM-3, identification of units. 


r-f fields. The indicator contains two crystal rectifiers and 
microammeter with an isolating capacitor in the probe tip. 
This unit is designed to indicate the presence of intense r-f 
fields like those around transmitters and other r-f oscillators. 

A resistance indicator probe is included in the test kit 
which indicates circuit continuity and resistance values 
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between 0 and 10,000 ohms. This probe is not a precision 
instrument and should be used to measure resistance only to 
a rough approximation. 

A DECADE RESISTOR and & DECADE CAPACITOR are included 
in the test set. These units have a full range of values of 
resistance and capacitance required for test or temporary 
repair in trouble-shooting electronic equipment. The decade 
resistor can be used to obtain values of resistance from 1 ohm 
to 12 megohms. The decade capacitor can be used to obtain 
values of capacitance between 0.0001 and 48 microfarads. 

Also included in the kit are an assortment of hand tools 
such as pliers, screwdrivers, wrenches, and tweezers; and a 
variety of accessories such as electrical leads, cables, solder- 
ing irons, mirror, extension rods, flashlight, and alignment 
tool. 
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10. 


11. 
12. 


13. 


14, 


15. 


16. 


17. 


18. 


19. 
20. 


21. 


QUIZ 


. What is the primary function of the cathode-ray oscilloscope as a 


test instrument? 


How does the operator of a cathode-ray oscilloscope determine 
whether the pattern of a waveform is correct for the circuit under 
test? 


What are the two types of deflection used in cathode-ray tubes? 


. In what type of deflection is the field that causes the deflection 


produced outside the cathode-ray tube? 


. In a cathode-ray tube, what controls the electron beam intensity? 


What is the purpose of the second anode in a cathode-ray tube? 


Why are the cathode-ray beam electrons not mutually repelled 
enough to defocus the beam? 


. How is focusing in an electrostatic-type cathode-ray tube generally 


controlled? 


. After the focus coil in an electromagnetic cathode-ray tube has 


been properly positioned, how is focusing accomplished? 


What is meant by the electron beam deflection angle in a cathode- 
ray tube? 


Define cathode-ray tube screen persistence. 


How is a sine-wave voltage made to appear as a conventional sine 
curve on the cathode-ray screen? 


Why are high-frequency signals sometimes applied directly to the 
vertical deflection plates of a cathode-ray oscilloscope rather than 
to the vertical amplifier input? 


What is the purpose of the blanking pulse that is applied to the 
grid of the CRO through C9 in figure 13-6? 


How may voltage waveforms be measured if they have magnitudes 
that are greater than those which the components within the 
oscilloscope can withstand? 


Give two definitions of deflection sensitivity. 


In a synchroscope, why is the sweep initiated before the signa! 
pulse is applied to the vertical deflection plates? 


State three uses of a synchroscope. 
How may a multivibrator be used as an electronic switch? 


Why are absorption wave meters not reliable for accurate measure- 
ments? 


Why does grid current dip in a grid dip meter when the circuit 
under test has the same frequency as that of the meter? 
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22. 


23. 


24. 
25. 


26. 
27. 


28. 


29. 


30. 


31. 


32. 


33. 


34, 


35. 


36. 


37. 


Against what primary frequency standard are the reference 
crystals in frequency meters checked? 

Why are secondary frequency standards or frequency meters n¢’ 
suitable for general service work as signal generators? 

What are two applications of r-f signal generators? 

What is the function of the r-f bridge in the LO-3 beat-frequency 
oscillator? 

What are the essential components of a field-intensity meter? 
What is the purpose of the shot-noise generator in the OF-? 
interference-locating equipment? 

In Navy receivers approved for shipboard use why must adequate 
preselection be used at the input? 

What is the special function of the spectrum analyzer? 

In an a-c capacity bridge, what conditions of voltage and phase 
angle must exist across the arms containing the capacitors to 
balance the bridge? 

In addition to measuring L, C, and R values, what tests may be 
performed by the ZM-11/U bridge? 

What is the essential difference between the emission-type tube 
tester and the transconductance-type tube tester? 

What additional equipment is needed when the noise test is per- 
formed on a tube by means of the TV-3B/U tube tester? 

For the mutual conductance test (fig. 13-25) what action un- 
balances the currents in the two sections of resistor R? 

Why is the ordinary voltmeter useless for measuring the voltage 
in a high-impedance circuit? 

Why is the usual a-c rectifier-type voltmeter inadequate for 
measuring high-frequency voltages? 

What is the purpose of V3 in figure 13-26? 
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CHAPTER 


INTRODUCTION TO RADAR 
ELEMENTS OF RADAR 
Definition 


The word rapar is formed from the initial letters of 
Radio betection and ranging. It is an electronic device 
that may be used to detect the presence of objects like air- 
planes or ships in darkness, fog, or storm. In addition to 
indicating their presence, radar may be used to determine 
their bearing, distance, elevation, and speed; and to enable 
the operator to recognize their general character. It is 
one of the greatest scientific developments that has emerged 
from World War II. Its development, like the develop- 
ment of every other great invention, was mothered by 
necessity—that is, to detect the enemy before he detects us. 
The basic principles upon which its functioning depends 
are relatively simple, and the seemingly complicated series 
of electrical events encountered in radar can be resolved 
into a logical series of functions, which, taken individually, 
may be identified and understood. 


Principles of Operation 


SouND-WAVE REFLECTION.—The principle upon which 
radar operates is very similar to the following principles of 
sound echoes or wave reflection. If a person shouts in the 
direction of a cliff, or some other sound-reflecting surface, 
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he hears his shout “return” from the direction of the cliff. 
What actually takes place is that the sound waves, generated 
by the shout, travel through the air until they strike the 
cliff. They are reflected or “bounced off,” and some are 
returned to the originating spot, where the person is then 
able to hear the echo. Some time elapses between the in- 
stant the sound originates and the time when the echo is 
heard because sound waves travel through air at approxi- 
mately 1,100 feet per second. The farther the person is 
from the cliff, the longer this time interval will be. If a 
person is 2,200 feet from the cliff when he shouts, 4 seconds 
elapse before he hears the echo—that is, 2 seconds for the 
sound waves to reach the cliff and 2 seconds for them to 
return. 

If a directional device is built to transmit and receive 
sound, the principles of echo, together with a knowledge of 
the velocity of sound, can be used to determine the direction, 
distance, and height of the cliff shown in figure 14-1, A. 
A sound transmitter, which can generate pulses of sound 
energy, is so placed at the focus of the reflector that it 
radiates a beam of sound. The sound receiver is a highly 
directional microphone located inside a reflector (at its 
focal point, and facing the reflector) to increase the direc- 
tional effect. The microphone is connected through an 
amplifier to a loudspeaker. 

To determine the distance and direction, the transmitting 
and receiving apparatus is placed so that the line of travel 
of the transmitted sound beam and the received echo will 
very nearly coincide. They would coincide exactly if the 
same reflector could be used for both transmitting and 
receiving, as is done in radar systems. The apparatus 
(both the transmitter and receiver) is rotated until the 
maximum volume of echo is obtained. The horizontal 
distance to the cliff can then be computed by multiplying 
one-half of the elapsed time in seconds by the velocity of 
sound. This will be essentially the distance along the line 
RA. If the receiver has a circular scale that is marked off 
in degrees, and if it has been properly orientated with a 


654 


oe es 


SOUND 






ee =-— : 
gen? , 
~k & ANGLE OF AZIMUTH A Ac 
SOUND (“Sits n> ATS See ee = 
RECEIVER ~ —— 


DIRECTION 


SOUND 
RECEIVER 





HEIGHT 
Figure 14-1.—Determination of direction and height. 


compass, the direction or azimuth of the cliff can be found. 
Thus, if the angle indicated on the scale is 45°, the cliff is 
northeast from the receiver position. 

To determine height (fig. 14-1, B), the transmitter and 
receiver antennas are tilted from the horizontal position 
(shown by dotted lines) while still pointing in the same 
direction. At first the echo is still heard, but the elapsed 
time is increased slightly. As the angle of elevation is 
increased, an angle is found where the echo disappears. 
This is the angle at which the sound is passing over the top 
of the cliff and is therefore not reflected back to the receiver. 
The angle at which the echo just disappears is such that the 
apparatus is pointing along solid line RB. If the receiver is 
equipped with a scale that permits a determination of the 
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angle of elevation, the height of the cliff, AB, can be calcu- 
lated from this angle and either the distance RA or RB, by 
the use of one of the basic trigonometric ratios. 

RapDI0-WAVE REFLECTION.—AIl radar sets work on a 
principle very much like that described for sound waves. 
In radar sets, however, a radio wave of extremely high 
frequency is used instead of a sound wave (fig. 14-2). The 





RADAR =< gam NS sca 
STATION Re 
PERMANENT ECHOES 


Figure 14-2.—Transmission and reflection of radar pulses. 


energy sent out by a radar set is similar to that sent out by 
an ordinary radio transmitter. 

The radar set, however, has one outstanding difference 
in that it picks up its own signals. It transmits a short 
pulse, and receives its echoes, then transmits another pulse 
and receives its echoes. This out-and-back cycle is repeated 
60 to 4,000 times per second, depending on the design of 
the set. However, for Navy use the repetition rate is 
generally less than 1,000 cps. If the outgoing wave is sent 
into clear space, no energy is reflected back to the receiver. 
The wave and the energy that it carries simply travel out 
into space and are lost for all practical purposes. 

If, however, the wave strikes an object such as an air- 
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plane, a ship, a building, or a hill, some of the energy is 
sent back as a reflected wave. If the object is a good con- 
ductor of electricity and is large compared to a quarter- 
wavelength of the transmitted energy, a strong echo (but 
only a very small fraction of the transmitted energy) is 
returned to the antenna. If the object is a poor conductor 
or is small, the reflected energy is small and the echo is weak. 

Radio waves of extremely high frequencies travel in 
STRAIGHT LINES at the speed of light, or approximately 
186,000 miles per second. Accordingly, there will be an 
extremely short time interval between the sending of the 
pulse and the reception of its echo. It is possible, however, 
to measure the interval of elapsed time between the trans- 
mitted and received pulse with great accuracy—even to 
one ten-millionth of a second (1 107’ seconds). The form- 
ing, timing, and presentation of these pulses are accom- 
plished by a number of special circuits and devices. 

The directional antennas employed by radar equipment 
transmit and receive the energy in a fairly sharply defined 
beam. Therefore, when a signal is picked up, the antenna 
can be rotated until the received signal is maximum. The 
direction of the target is then determined by the position of 
the antenna. 

The echoes received by the radar receiver appear as marks 
of light on an oscilloscope (often called ‘“‘scope’’ for short). 
This scope may be marked with a scale of miles (or yards), or 
degrees, or both. Hence, from the position of a signal echo 
on the scope, an observer can tell the range and direction of 
the corresponding target. 


Radar Methods 


ConTINUOUS-WAVE METHOD.—The continuous-wave 
: method of detecting a target makes use of the Doppler effect. 
The frequency of a radar echo is changed when the object 
which reflects the echo is moving toward or away from the 
radar transmitter. The change in frequency is known as 
the DoppLER EFFEcT. A similar effect at audible frequencies 
is recognized readily when the sound from the whistle of an 
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approaching train appears to the ear to increase in pitch. 
The opposite effect occurs when the train is moving away 
from the listener. The radar application of this effect per- 
mits a measurement of the difference in frequency between 
the transmitted and reflected energy and thus a determina- 
tion of the presence and speed of the moving target. This 
method works well with fast-moving targets, but not well 
with those that are slow or stationary. C-w systems are 
therefore limited in present usage. 

FREQUENCY-MODULATION METHOD.—In the frequency- 
modulation method the transmitted energy is varied con- 
tinuously and periodically over a specified band of frequencies. 
The instantaneous frequency of the energy being radiated 
by the antenna therefore differs from the instantaneous 
frequency being received by the antenna, from the target. 
The frequency difference depends on the distance traveled 
and can be used as a measure of range. Moving targets 
produce a frequency shift in the returned signal because of 
the Doppler effect, and this affects the accuracy of range 
measurements. 

PuLSE-MODULATION METHOD.—In the pulse-modulation 
method the r-f energy is transmitted in short pulses the time 
duration of which may vary from 1 to 50 microseconds. If 
the transmitter is turned off before the reflected energy re- 
turns from the target the receiver can distinguish between 
the transmitted pulse and the reflected pulse. After all 
reflections have returned, the transmitter can be turned on 
again and the process repeated. The receiver output is 
applied to an indicator that measures the time interval 
between the transmission of the energy and its return as a 
reflection. Because the energy travels at a constant velocity, 
one-half the time interval becomes a measure of the dis- 
tance traveled, or the range. Because this method does not 
depend on the relative frequency of the returned signal or 
on the motion of the target, difficulties experienced in the 
c-w and f-m methods are not present. The pulse-modulation 
method is used almost universally in military applications. 
Therefore, it will be the only method treated in this chapter. 
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Historical Development 


One of the first observations of “radio echoes” was made 
im the United States in 1922 by Dr. A. H. Taylor at the 
Naval Research Laboratory. Dr. Taylor observed that a 
ship passing between a radio transmitter and receiver 
reflected some of the waves back toward the transmitter. 
Between 1922 and 1930 further tests proved the military 
value of this principle for the detection of objects that were 
hidden by smoke, fog, or darkness, During this same 
period Dr. Breit and Dr. Tuve of the Carnegie Institute 
published reports on the reflection of pulse transmission 
from electrified layers in the upper atmosphere. This led 
to the application of the principle to the detection of aircraft. 
Other countries carried on further experiments independently 
and with utmost secrecy. By 1936, the United States Army 
was engaged in the development of a radar warning system 
for coastal frontiers. By the end of 1940, mass production 
of radar equipment was under way. By September 1940, 
the British had developed radar to such a point that they 
were able to bring down great numbers of enemy airplanes, 
the guns being accurately controlled by radar systems. 
Beginning in 1941, British-American cooperation in the 
development of radar gave the United Nations the best 
radar equipment in the world. However, the enemy also 
made great strides in radar development. This was evi- 
denced by the sinking of the British cruiser Hood by the 
German battleship Bismarck, by means of radar range 
finding, before the Hood could fire her second salvo. 

Along with the development of radar went the develop- 
ment of effective countermeasures. Since 1941 great advances 
have been made in radar and in countermeasures in the 
various research and development centers throughout 
the country. 

Uses of Radar 


Radar equipments fall into three general classifications— 
(1) search, (2) fire control, and (3) identification. 
Search radars are of two categories—(1) air search and 
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(2) surface search. These equipments are for general navi- 
gational use and early warning networks. 

Fire control radars are confined more specifically to use 
with certain groups or types of gun batteries and are de- 
signed to fit the requirements of the battery with which 
they are used. 

Identification radars are more commonly known as IFF 
(identification, friend or foe), and are used to recognize 
ships and aircraft detected by the radar. 

TYPES OF PRESENTATION.—To furnish usable intelligence, 
a radar set must have some type of visual presentation of 
the target echo for the operator to observe. Cathode-ray 
tubes are used for this purpose and are generally referred 
to as “‘scopes.”” Several types of data presentation have 
been developed to give the required information. 

Type-A presentation is used to determine range, and the 
scope has short persistence. The echo causes a vertical 
displacement of the spot, the amplitude of which depends 
on the strength of the returned signal pulse. The point on 
the horizontal base line at which the vertical displacement 
occurs indicates the range. Type-A presentation is shown 
in figure 14-3, A. 

Type-B presentation (fig. 14-3, B) indicates both range 
and azimuth angle. The vertical displacement of the echo 
signal indicates range, and the horizontal displacement of 
the echo signal indicates azimuth angle. This scope has long 
persistence. 

Type-PPI (plan-position indication) presentation also 
indicates range and azimuth angle. In this type of presenta- 
tion the electron beam is swept radially from the center 
of the scope to the outer edge as the deflection coils are 
moved around the neck of the tube in synchronization 
with the antenna rotation. In effect, a picture of surrounding 
objects is “painted” on the screen. This scope also has 
long persistence. 

In type-A presentation the echo signal causes vertical 
deflection of the electron beam—in other words, it is DEFLEC- 
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Figure 14-3.—Types of radar presentation. 


TION MODULATED. In type-B and type-PPI presentation 
the echo signal makes the electron beam brighter. This is 
called INTENSITY MODULATION. 

RANGE DETERMINATION.—The successful employment 
of pulse-modulated radar systems depends primarily on the 
ability to measure distance in terms of time and a knowledge 
of the velocity of light. Radio-frequency energy, once it 
has been radiated into space, continues to travel with a 
constant velocity. When it strikes a reflecting object there 
is no loss in time, but merely a redirecting of the energy. 
Its velocity is that of light, or, in terms of distance traveled 
per unit of time, 186,000 land miles per second, 162,000 
nautical miles per second, or 328 yards per microsecond. 
This means that it takes approximately 6.1 microseconds 
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for radio cnergy to travel 1 nautical mile, or approximately 
2,000 yards. All radar ranging is based on a flat figure of 
2,000 yards per mile and, because the speed of light (and 
radio waves) is so great, microseconds (us) are used for 
all time determinations. 

This constant velocity of radio-frequency energy is applied 
in radar to determine range by measuring the time required 
for a pulse to travel to a target and return. The time lapse 
between the transmitted pulse and the echo return may be 
readily determined with the aid of the oscilloscope. For 
the purpose of illustrating how this may be done, assume 
that a target ship is 20 nautical miles away from the radar 
transmitter-receiver combination. Because radio energy 
travels 1 nautical mile in 6.1 microseconds, 122 micro- 
seconds will be required for the transmitted pulse to reach 
the target, or a total of 244 microseconds before the echo 
will return to the radar receiver. 

The horizontal sweep frequency of the scope is adjusted 
so that it makes one complete sweep (from left to right) 
during the time the transmitted pulse is going to the target 
(maximum range) AND THE ECHO IS RETURNING TO THE 
RECEIVER. In other words, the time of one sweep is 244 
microseconds, and the frequency is therefore approximately 
4,098 cps. Assume that a translucent scale with uniform 
‘livisions in miles from 0 to 20 is placed over the face of the 
scope; and assume further that the extent of the sweep 
extends from the 0 mark to the 20-mile mark. 

Figure 14-4 shows how the range is determined. In 
part @ the transmitted pulse is just leaving the antenna. A 
part of the generated energy is fed to the vertical deflection 
plates at the instant the pulse is transmitted and causes a 
vertical line (pip) to appear at the zero-mile mark on the 
scope. 

In part @, 61 microseconds later, the transmitted pulse 
has traveled 10 miles toward the target. The horizontal 
trace on the scope, however, has reached only the 5-mile 
mark—that is, one-half the distance the transmitted pulse 
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Figure 14-4.—Radar range determination (continued on page 664). 
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Figure 14-4.—Radar range determination—Continued. 


has traveled (the sweep frequency is timed to indicate one- 
half the distance). 

In part @, 122 microseconds after the initial pulse left 
the transmitter, the transmitted pulse has reached the 
target, 20 miles away and the echo has started back. The 
scope reading is 10 miles. 

In part @, 183 microseconds after the initial pulse, the 
echo has returned half the distance from the target, and 
the scope reading is 15 miles. 

In part ©, 244 microseconds after the initial pulse, the 
echo has returned to the receiving antenna. This relatively 
small amount of energy is amplified and applied to the verti- 
cal deflection plates, and an echo pip of smaller amplitude 
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than the initial pip is displayed on the scope at the 20-mile 
mark. 

If two or more targets are in the path of the transmitted 
pulse each will return a portion of the incident energy 
as echoes. The target farthest away (assuming they are 
similar in size and type of material) will return the weakest 
echo. , 

In conjunction with the scope there is a handcrank and 
mechanical counter assembly which enables the operator 
to determine the range to a greater degree of accuracy. 
When a target is indicated on the base line the operator 
turns the handcrank to move the range indicator, or gate 
(fig. 14-5), to the target and then reads the range, in yards, 


GATE (RANGE INDICATOR) IS 
MOVED ALONG BASE LINE BY 
HAND CRANK 


Figure 14-5.—Target gating. 


directly from the counter assembly. This process is known 
as “gating the target.’ 

BEARING DETERMINATION.—The bearing (true or relative) 
of the target may be determined if the direction in which 
the directional antenna is pointing when the target is picked 
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up is known. Control and indicator systems have been | 
devised that make this possible. | 

The measurement of the bearing of a target as “‘seen’’ by 
the radar is usually given as an angular position. The | 
angle may be measured either from true north (called TRUE 
BEARING), or with respect to the heading of a vessel or | 
aircraft containing the radar set (called RELATIVE BEARING). 
The angle at which the echo signal returns is measured by 
utilizing the directional characteristics of the radar antenna 
system. Radar antennas are constructed of radiating ele- 
ments, reflectors, and directors to produce a single narrow 
beam of energy in one direction. The pattern produced in 
this manner permits the beaming of maximum energy in a 
desired direction. The transmitting pattern of an antenna 
system is also its receiving pattern. An antenna can there- 
fore be used to transmit energy, to receive reflected energy, | 
or to do both. 

The simplest form of antenna for measuring azimuth or 
bearing is one that produces a single-lobe pattern. The 
system is mounted so that it can be rotated. Energy is 
directed across the region to be searched, by moving the 
beam back and forth in azimuth until a return signal is 
picked up. The position of the antenna is then adjusted 
to give maximum return signal. 

Figure 14-6 shows the receiving pattern for a typical 
radar antenna. In this figure, relative signal strength is 
plotted against the angular position of the antenna with 
respect to the target. A maximum signal is received only 
when the axis of the lobe passes through the target. The 
sensitivity of this system depends on the angular width of 
the lobe pattern. The operator adjusts the position of the 
antenna system for maximum received signal. If the signal 
strength changes appreciably when the antenna is rotated 
through a small angle, the accuracy with which the on-target 
position can be selected is great. Thus, in figure 14-6, the 
relative signal strengths A and B have very little difference. 

If the energy is concentrated in a narrower beam, the 
difference is greater and the accuracy better. 
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ALTITUDE DETERMINATION.—The remaining dimension 
necessary to locate completely an object in space can be 
expressed either as an angle of elevation or as an altitude. 
If one is known, the other can be calculated from one of the 
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basic trigonometric ratios. A method of determining the 
angle of elevation or the altitude is shown in figure 14-7. 
The slant range (fig. 14-7, A) is obtained from the radar 
scope indication as the range to the target. The angle of 
elevation is that of the radar antenna (fig. 14-7, B). The 
altitude is equal to the slant range multiplied by the sine of 
the angle of elevation. 
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Figure 14-7.—Radar determination of altitude. 
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In radar equipments with antennas that may be elevated, 
altitude determination by slant range is automatically com- 
puted electronically. In equipments (air search) where the 
antennas do not elevate, the altitude is automatically com- 
uted from the time lapse between the echoes that are re- 
turned directly to the receiver and those that return to the 
earth, which then reflects them back to the receiver. 

PLAN POSITION INDICATOR.—The range scope has certain 
limitations when it is desired to know what is happening 
instantaneously in all directions because it indicates only 
the targets in the direction in which the antenna is instan- 
taneously pointing. 

A master PPI allows the radar operator to see the screen 
images of all objects surrounding his craft (within the range 
limitations of the equipments) because it displays a graphic 
plot of 360° of antenna rotation and has a screen of the 
necessary persistence to retain the targets visible after the 
antenna has rotated past the target bearing. 

On most search radar equipments both range and PPI 
scopes are available to the operator. 

The range scope presents the target information on a hori- 
zontal base line, as shown in figure 14-3, A. The PPI has a 
radial base line originating at the center of the screen (fig. 
14-3, C) which indicates the physical antenna location, and 
this line follows the antenna rotation. 

A view of a PPI scope is shown in figure 14-8. The bright 
spots on the screen are images of objects (ships, planes, land 
masses, etc.) in the vicinity of the craft carrying the PPI 
equipment. Around the outer edge of the scope are relative 
and true bearing circles. Spaced evenly across the face of 
the tube are range circles, calibrated in miles. Thus, from 
the position of the images, their approximate range and bear- 
ing may be determined from the scope. A particular object 
of interest may be singled out for more accurate ranging by 
referring to the range scope. 

Another principal difference between the two systems 
(range and PPI) is the method of applying the signal to the 
scope. In the RANGE scopE the echo signal is amplified and 
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Figure 14-8.—PPI presentation. 


applied to the vertical deflection plates in such a way as to 
produce a pip on the horizontal time-base line, on the screen. 
In the PPI scope, the echo signal is amplified and applied 
to the control grid of the scope in such a way that the trace 
is brightened momentarily on the radial time-base line. If 
the intensity of the trace is kept sufficiently low, the scope 
will be essentially dark until an echo is received, and then 
the contrast will be very pronounced. 

The PPI uses electromagnetic deflection instead of electro- 
static deflection. Current flowing from the sweep generator 
through a single pair of electromagnets mounted across the 
neck of the tube at right angles to the axis of the tube causes 
the electron beam to be swept from the center of the tube to 
one edge and back again to the center. 

The deflection electromagnets are mounted so that they 
can be rotated around the neck of the tube. The rotating 
assembly is synchronized with the antenna rotation so that 
when the antenna turns, the sweep trace is rotated about 
the screen at the same rate. 

Thus, for example, in figure 14-8 when the antenna is 
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pointing in the NE direction the deflection magnets will 
force the beam across the screen from the center to the outer 
edge in the NE direction. The beam will be deflected across 
the screen many times during the course of a small angular 
rotation of the magnets. In this area on the screen the 
echoes from the three targets will cause three areas of intensi- 
fication on the screen. 

SEARCH RADAR.—Search radars used for general naviga- 
tion and early warning nets do not require great precision in 
ranging or bearing, but do require the ability to locate 
targets at fairly long ranges. Therefore, they are normally 
designed with high power, wide beam angle, and fairly long 
pulse widths. Their target resolution (ability to accurately 
determine bearing and range) is approximately +2° and 
+200 yards. The 2° angle refers to the azimuth variation 
from the center of the target, and the 200 yards refers to the 
depth of the target. 

Fire conrrot rADAR.—Fire control radars require only 
the necessary range for controlling the guns with which they 
are associated. However, they require precision target reso- 
lution. In this respect they are designed with low power, 
short pulses, and narrow beam angles. Their primary pur- 
pose is to furnish to the fire control systems accurate bearing 
and range of targets in order that the computers and other 
components of a gun-laying system may be fast, effective, 
and efficient. 

IpentiFicaTion.—IFF (identification, friend or foe) equip- 
ment is a part of the radar in use today. This equipment, 
rather than being an actual radar, is an aid to radar. It has 
its own transmitter and receiver, and answers the all-impor- 
tant question of whether the target is enemy or friend. The 
IFF antenna and the radar antenna use a common reflector 
so that the two pulses are radiated from the same place. 

Arrcrarr RADAR.—Radars for aircraft operate on the 
same principle as that of shipboard radars except they are 
much smaller and lighter in weight. Both search and fire 
control radars are highly successful for aircraft use. 
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SPECIAL EQUIPMENT.—Special equipment, such as height- 
determining radar, may be used with radar to ascertain 
altitude. The special equipments are limited in their , 
employment to one task. 


FUNCTIONAL COMPONENTS 


Radar systems now in existence vary greatly in detail. 
They may be very simple; or, if more accurate data are re- 
quired, they may be highly refined. The principles of op- 
eration, however, are essentially the same for all systems. 
Thus a single basic radar system can be visualized in which 
the functional requirements hold equally well for all specific 
equipments. 

In general, the degree of refinement of radar circuits in- 
creases with the frequency. The microwave region lends 
itself to a higher degree of precision in angular measurement, 
and for this reason modern radars operate at superhigh 


frequencies. 
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Figure 14-9.—Functional block diagram of a fundamental pulse-modulated 
radar system, 
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The functional breakdown of a pulse-modulated radar 
system generally includes six major components, as shown in 
the block diagram of figure 14-9. The components may be 
summarized as follows: 


1. The Timer (also called syNCHRONIZER Or KEYER) pro- 
duces the synchronizing signals that trigger the trans- 
mitter the required number of times per second. It also 
triggers the indicator sweep and coordinates the other 
associated circuits. 

2. The TRANSMITTER generates the r-f energy in the form 
of short, powerful pulses. 

3. The ANTENNA sysTEM takes the r-f energy from the 
transmitter, radiates it in a highly directional beam, 
receives any returning echoes, and passes these echoes 
to the receiver. 

4. The RECEIVER amplifies the weak r-f pulses returned by 
the target and reproduces them as video pulses to be 
applied to the indicator. 

5. The rnpicaTor produces a visual indication of the echo 
pulses in a manner that furnishes the required informa- 
tion. 

6. The power supPty furnishes all a-c and d-c voltages 
necessary for the operation of the system components. 

Before considering in more detail the action of the various 

functional components that make up a complete radar set, 
it is desirable to consider the radar system constants. 


RADAR SYSTEM CONSTANTS 


Any radar system has associated with it certain constants 
such &8 CARRIER FREQUENCY, PULSE-REPETITION FREQUENCY 
(the number of pulses sent out per second), PULSE WIDTH (in 
microseconds), and POWER RELATION (relationship of peak 
and average power). The choice of these constants for a 
particular system is determined by its tactical use, the ac- 
curacy required, the range to be covered, the practical physi- 
cal size, and the problem of generating and receiving the 
signal. 
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Carrier Frequency 


The carrier frequency is the frequency at which the r-f 
energy is generated. The principal factors influencing the 
selection of the carrier frequency are the desired directivity 
and the generation and reception of the necessary microwave 
r-f energy. 

For the determination of direction and for the concentra- 
tion of the transmitted energy so that a greater portion of it 
is useful, the antenna should be highly directive. The higher 
the carrier frequency, the shorter the wavelength and hence 
the smaller is the antenna array for a given sharpness of 
pattern, because the individual radiating element is normally 
a half-wave long. For an antenna array of a given physical 
size the pattern is sharper for a higher frequency. 

The problem of generating and amplifying reasonable 
amounts of r-f energy at extremely high frequencies is com- 
plicated by the physical construction of the tubes to be used. 
The common triode becomes impractical and must be re- 
placed by tubes of special design. Among these are such 
types as the “lighthouse” triode; grounded-grid triode; 
klystron; magnetron; and the “doorknob,” “acorn,” and 
“peanut” tubes. 

In general, the modifications for extremely high-frequency 
operation are designed to reduce interelectrode capacitances, 
transit time, and stray inductance and capacitance in the 
tube leads. However, one of the problems involved in re- 
ducing the size of a tube is the reduction in the power rating 
of the tube. R-f generators, such as the magnetron, are 
designed to radiate a large amount of power during the rela- 
tively short pulse time. 

Carrier frequencies may be of the order of 6,000 mega- 
cycles; however, the frequencies may extend down to 100 
megacycles or up to 10,000 megacycles or above. Wave- 
guides are of practical size only at the higher frequencies. 
At the receiver end, it is very difficult to amplify microwave 
signals; as a result, r-f amplifiers are not employed. Instead, 
the frequency of the incoming signal is mixed with that of a 
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local oscillator in a crystal mixer to produce a difference 
frequency called the INTERMEDIATE FREQUENCY (i-f). The 
intermediate frequency is low enough to be amplified in 
suitable i-f amplifier stages employing electron tubes. 


Pulse-Repetition Frequency 


Sufficient time must be allowed between each transmitted 
pulse for an echo to return from any target located within 
the maximum workable range of the system. Otherwise, 
the reception of the echoes from the more distant targets 
would be obscured by succeeding transmitted pulses. There- 
fore, the maximum range of a given equipment depends on 
the ratio of the resting time to the pulse width, provided the 
peak power is sufficient to return a usable echo. This 
necessary time interval fixes the highest pulse-repetition 
frequency that can be used. 

When the antenna system is rotated at a constant speed, 
the beam of energy strikes a target for a relatively short time. 
During this time, a sufficient number of pulses of energy must 
be transmitted in order to return a signal that will produce 
the necessary indication on the oscilloscope screen. For 
example, an antenna rotated at 6 rpm having a pulse repeti- 
tion frequency of 800 cps will produce approximately 22 
pulses for each degree of antenna rotation. The persistence 
of the screen and the rotational speed of the antenna there- 
fore determine the lowest pulse repetition frequency that 
can be used. In a system in which the indicator is operative 
during the entire interval between transmitted pulses, the 
repetition frequency must be very stable if accurate range 
measurement is desired. Because the oscilloscope screen 
will normally have a fairly long persistence, successive traces 
should appear in exactly the same position to avoid blurring. 


Pulse Width 


The minimum range at which a target can be detected is 
determined largely by the width of the transmitted pulse. 
If a target is so close to the transmitter that the echo is 
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returned to the receiver before the transmitter is turned off, 
the reception of the echo obviously will be masked by the 
transmitted pulse. For example, a pulse width of 1 us will 
have a minimum range of 164 yards, meaning that a target 
within this range will not show, or will be “blocked out”’ on 
the screen. In this respect, equipments for “close in” ranging 
or navigation work use pulses of the order of 0.1 ws. For 
long-range equipment the pulse width is normally from 1 us 
to 5 us. 
Power Relation 


A radar transmitter generates r-f energy in the form of 
extremely short pulses and is turned off between pulses for 
comparatively long intervals. The useful power of the 
transmitter is that contained in the radiated pulses and is 
termed the PEAK PowER of the system. Power is normally 
measured as an average value over a relatively long period 
of time. Because the radar transmitter is resting for a time 
that is long with respect to the operating time, the average 
power delivered during one cycle of operation is relatively 
low compared with the peak power available during the pulse 
time. 

A definite relationship exists between the average power 
dissipated over an extended period of time and the peak 
power developed during the pulse time. The over-all time 
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Figure 14-10.—Relationship of peak and average power. 
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of one cycle of operation is the reciprocal of the pulse repeti- 
tion frequency (PRF). Other factors remaining constant, 
the greater the pusle width, the higher will be the average 
power; and the longer the pulse-repetition time, the lower 
will be the average power. Thus, 


average power _ pulse width 
peak power  pulse-repetition time’ 


These general relationships are shown in figure 14-10. 

The operating cycle of the radar transmitter can be de- 
scribed in terms of the fraction of the total time that r-f 
energy is radiated. This time relationship is called the puty 
CYCLE and may be represented as 


pulse-width 


duty cycle= pulse-repetition time 


For example, the duty cycle of a radar having a pulse width 
of 2 microseconds and a pulse-repetition frequency of 500 
cycles per second (pulse repetition time= we or 2,000 micro- 
seconds is) 


duty eyele=5 A970. 001. 


Likewise, the ratio between the average power and peak 
power may be expressed in terms of the duty cycle. Thus, 


average power 


duty cycle= peak power 


In the foregoing example it may be assumed that the peak 
power is 200 kilowatts. Therefore, for a period of 2 micro- 
seconds a peak power of 200 kilowatts is supplied to the an- 
tenna, while for the remaining 1,998 microseconds the trans- 
mitter output is zero. Because 


average power=peak power Xduty cycle, 
average power=200X0.001=0.2 kilowatts. 
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High peak power is desirable in order to produce a strong 
echo over the maximum range of the equipment. Low aver- 
age power enables the transmitter tubes and circuit compo- 
nents to be made smaller and more compact. Thus, it is 
advantageous to have a low duty cycle. The peak power 
that can be developed is dependent upon the interrelation 
between peak and average power, pulse width and pulse- 
repetition time, or duty cycle. 


ELEMENTARY RADAR TRANSMITTER AND RECEIVER 
Timer 


The function of the timer is to ensure that all circuits 
connected with the radar system operate in a definite time 
relationship with each other and that the interval between 
pulses is of the proper length. In general, there are two 
practical methods of supplying the timing requirements— 
timing by means of a separate unit and timing within the 
transmitter. 

A separate timing source may be used to give rigid control 
of the pulse-repetition frequency. In this case the source 
consists of any stable type of audio oscillator such as the 
Wein-bridge oscillator. The output is then applied to the 
necessary pulse-shaping circuits to produce the required 
timing pulse. Figure 14-11 shows in block form the func- 
tional components associated with the timer. These include 
the oscillator and other stages and components that are 
necessary to generate, shape, and amplify the waveform so 
that it may properly trigger the magnetron in the trans- 
mitter. 

The oscillator generates a steady output at a given 
frequency (any frequency between 625 and 650 cps in the 
radar shown in the block diagram, and generally less than 
1,000 cps), and this output establishes the PRF of the set. 
Frequency stability ensures that the range measurements 
will be accurate. 

The sine-wave output of the oscillator is of the correct 
frequency but, it does not have the correct shape and its 
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Figure 14-11.—Simplified block diagram of a modulator and transmitter. 


MAGNETRON 


amplitude is insufficient to fire the magnetron. Therefore, 
the signal is changed first into a square wave in the over- 
driven amplifier stage. The square wave is sharpened into 
a peaked wave in a differentiating circuit (a resistor and 
capacitor in series with the input, and the output taken 
across the resistor) and fed via a cathode follower to a 
blocking oscillator. 

The blocking oscillator is triggered at the correct fre- 
quency by this peaked wave. The blocking oscillator 
generates the type of square wave needed by the magnetron, 
except that it is of insufficient amplitude. 

The square-wave signal generated by the blocking oscil- 
lator is fed via a cathode follower to the power amplifier 
(preceded in actual circuits by driver amplifiers) where the 
square-wave pulse is amplified sufficiently to drive the 
magnetron. Only the negative portion of the pulse is used 
to drive the magnetron oscillator, and therefore the positive 
portion of the pulse is removed. 

The magnetron goes into oscillation the moment it is 
triggered by the negative-going square wave from the power 
amplifier. The frequency of the magnetron oscillation may 
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be of the order of 6,500 megacycles. The width of the pulse 
is determined by the width of the negative-going pulse from 
the power amplifier and may be of the order of 1 micro- 
second. During the pulse, the power output may be of the 
order of 125 kw. 


Transmitter 


The transmitter is basically an r-f oscillator. It may be 
turned on and off by the negative-going pulse from the 
modulator. The radar oscillator (in this instance a mag- 
netron) differs from the oscillators treated in chapter 7 in 
that it produces a much higher frequency and has a much 
higher power output. The higher frequency permits smaller 
waveguides and antennas to be used; and the higher power 
permits stronger echoes and a greater useful range. 

Because of the superhigh frequencies in a radar set, 
buffers, frequency multipliers, and power output tubes 
following the magnetron would have little value in increasing 
the output power, and hence are not used in a radar set. 
The magnetron itself delivers 100 or more kilowatts of peak 
power to the transmission line, and yet it is relatively small. 
The more powerful sets are capable of putting out 1 mega- 
watt (1,000 kw) of peak power. A simplified diagram of a 
magnetron is shown in figure 14-12, A. The magnetron is 
essentially a diode that has its plate at ground potential and 
its cathode at a high negative potential during the time it is 
oscillating. The diode is placed in a powerful magnetic field 
produced by a permanent magnet. 

When a negative pulse is applied to the cathode, and there 
is no magnetic field present, electrons move in straight lines 
from the cathode to the plate, as shown in part © of figure 
14-12, B. When a weak magnetic field (part @) is applied, 
the electron paths become curved; and as the magnetic field 
becomes stronger (parts @, @, @, and ©), the electron 
paths become progressively more curved. Finally, the paths 
become so curved that the electrons are moving in closed 
circular orbits that miss the plate entirely, and no plate 
current flows. The plate is a copper block the internal 
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Figure 14-12.—Simplified diagram of a magnetron. 
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surface of which is separated into a number of segments by | 
holes in the block that serve as tuned circuits. As the 
electrons move in circles past the plate segments they induce 
currents electrostatically in the walls of the holes. The 
energy of the magnetron output pulse is contained in the 
field associated with these currents. The smaller the ci 

the electrons make, the higher is the frequency of 
oscillations. The frequency depends on the size of fhe 
cylinder, the strength of the magnetic field, and the differ 

in potential between the cathode and plate. y 

Energy is coupled out of the magnetron by means of a 
loop or probe; it is then transmitted to the antenna via 4 
waveguide. 

The tremendous peak power produced in short pulses by 
the magnetron requires high plate-to-cathode potential and 
high cathode emission. Because of the relatively long rest- 
ing time between pulses, the problem of cooling is reduced 
and the physical size of the magnetron is not as large as 
would be expected from the peak power rating. 


Transmitting and Receiving Antenna 


The short powerful bursts of r-f energy produced by the 
magnetron are radiated in a narrow beam in the direction 
of the target by the action of the antenna. Likewise, echoes 
from the target are picked up by the antenna and passed 
on to the receiver and the display unit. 

A general treatment of antennas is given in chapter 11; 
however, for the purposes of this chapter, only the reflector 
type of antenna system will be considered. Microwaves 
may be concentrated in essentially the desired pattern by 
means of reflectors in much the same way that light rays 
are brought into concentrated beams of light. 

There are various types of reflectors for various purposes, 
and sometimes a combination of two or more reflectors is 
used to give greater versatility to the equipment. For ex- 
ample, one type of radar employs two types of reflectors, 
each having its own feed horn and each designed to serve 
a particular function. The assembly is shown in figure 
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14-13, A, and the patterns produced by the two antennas 
are shown in figure 14-13, B. The zenith reflector is de- 





Figure 14-13.—Radar antenna assembly and antenna patterns 
(continued on page 684). 
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Figure 14-13.—Radar antenna assembly and antenna patterns—Continued. 


signed to radiate the r-f energy at an angle above the sur- 
face of the earth where high-flying airplanes would probably 
be intercepted. The surface reflector radiates energy along 
the earth’s surface, where ships or low-flying aircraft might 
be intercepted. The transmitting and receiving patterns for 
a given antenna are the same. 

The waveguide is connected to the transmitter and re- 
ceiver by means of the TR section. The function of this 
section is to close off electrically the waveguide to the 
receiver when the transmitter pulse is sent out and to close 
off electrically the waveguide to the transmitter when the 
echo pulse is received. 

The TR section is necessary to prevent the strong pulse 
of outgoing energy from entering the receiver or the rela- 
tively weak returning echo from entering the transmitter. 
Otherwise the output pulse would damage the receiver and 
the echo would be lost in the transmitter. 


Receiver 


The radar receiver is essentially a special type of super- 
heterodyne receiver. Its function is to receive the weak 
echoes from the antenna system, combine them in a crystal 
mixer (half-wave crystal rectifier) with the r-f signals from 
a local oscillator, amplify the resultant i-f signal, detect the 
pulse envelope, amplify the resulting d-c pulses, and feed 
them to the indicator. At the higher frequencies used in 
radar, it is not possible to use a stage of r-f amplification 
ahead of the mixer, and therefore the r-f signals are fed 
directly to the mixer. 

In order to keep radar receivers in tune with their com- 
panion transmitters, a system of automatic frequency con- 
trol is used in the receivers. Briefly, the system functions 
as follows: A small fraction of the r-f energy from the trans- 
mitter line is applied to a special automatic-frequency-con- 
trol (a-f-c) mixer along with a small fraction of the r-f 
energy from the receiver local oscillator. The i-f energy 
resulting from the mixing of these two frequencies is ampli- 
fied, rectified, and applied via control circuits in such a way 
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as to tune the local oscillator. If the i-f is of the correct ‘ 
frequency, the resulting direct voltage maintains the local { 
oscillator at the correct oscillator frequency. If the i-f is | 
too low in frequency the direct voltage applied to the local 
oscillator causes it to shift in frequency so that the i-f will 
be increased. If the i-f is too high, the oscillator frequency 
is shifted in the opposite direction. 

The stability of operation is maintained in the microwave 
range of frequencies by careful design; and the over-all sen- 
sitivity of the receiver is greatly increased by the use of 
many i-f stages. Special types of tubes having low inter- 
electrode capacitances also have been developed for use in 
local-oscillator and i-f stages. A block diagram of a radar 
receiver is shown in figure 14-14. As in communications 
receivers, the i-f signals in a radar receiver are fed to the 
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Figure 14-14.—Block diagram of a radar receiver. 


second detector where the signal is rectified and the i-f 
component is removed. The remaining modulation pattern, 
consisting of d-c pulses, is fed to a video amplifier. In one 
type of presentation the output of the video amplifier is fed 
to the vertical deflection plates of an electrostatic-type 
cathode-ray tube. The amplitude of the vertical trace 
formed on the screen is proportional to the strength of the 
received signals. Simultaneously, a saw-tooth voltage is 
applied to the horizontal deflection plates in synchronism 
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with the transmitted pulse. The saw-tooth voltage provides 
a horizontal displacement that is proportional to range. 

Radar video amplifiers have a frequency response similar 
to that of television video amplifiers. For example, a 5,000- 
me search radar having a pulse duration of 1 microsecond 
would have a receiver bandwidth of 2 megacycles, and a fire 
control radar having the same pulse duration might have a 
receiver bandwidth of 5 megacycles. 


Power Supply 


In the functional diagram of the radar system (fig. 14~9) 
the power supply is represented as a single block. Func- 
tionally, this block is representative; however, it is unlikely 
that any one power supply could meet all the power require- 
ments of a radar set. The distribution of the physical 
components of the system may be such as to make it im- 
practical to lump the power-supply circuits into a single 
physical unit. Thus, different supplies are needed to meet 
the varying requirements of the system and must be designed 
accordingly. The power-supply function is performed, 
therefore, by various types of supplies distributed among 
the circuit components of the radar equipment. Power 
supplies are treated in chapter 3. 


RADAR SPECIAL CIRCUITS 


In order to GENERATE and RESHAPE the waves and to 
CONNECT one circuit to another in such a way as to cause the 
least disturbance to either circuit, several special circuits are 
needed. These circuits are listed and briefly described here, 
but are treated in detail in other chapters of this text and as 
needed in the rating books. 


Generating Circuits 
A generating circuit is one that produces oscillations of a 
given form and frequency. 
REPETITION-RATE OSCILLATOR.—The repetition-rate oscil- 
lator, or timer, is a stable oscillator, capable of producing 
oscillations at an audio rate. 
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Saw-TOOTH GENERATOR.—The saw-tooth generator pro- 
duces waves that resemble the shape of saw teeth. This 
type of generator may be operated continuously or it may 
be triggered by a sharp voltage pulse from another circuit. 
Saw-tooth waveforms are used to produce the sweep voltage 
on the electrostatic type of cathode-ray tube. 

Muttiviprator.—The multivibrator is used to produce 
square waves of the desired frequency. Like the saw-tooth 
generator it may operate continuously, or it may be triggered 
into operation periodically by sharp voltage pulses. The 
square waves that trigger the magnetron are produced by a 
multivibrator that is in turn triggered by the timing pulse. 

Macnetron.—The magnetron oscillator is also a generat- 
ing circuit. It produces the high-frequency oscillations at 
sufficient power (during pulses) to properly “illuminate’’ the 
range area covered by the equipment. 

LocaL oscituaTtor.—The local oscillator in the radar 
receiver generates high-frequency oscillations which, when 
mixed with the incoming pulse frequency, produce the i-f 
frequency. This type of oscillator at superhigh frequencies 
(3,000 me and above) consists of a reflex velocity-modulated 
tube (klystron) tuned by cavity resonators. These are 
described in appropriate rating texts. 


Reshaping Circuits 


A reshaping circuit is one that takes the waveform from 
a generating circuit and shapes it according to the needs of 
the system. 

Limiting circuit.—Limiting, or clipping, circuits are 
employed to change the shape of the wave by clipping the top 
or bottom of the wave, or both. This may be accomplished 
by operating the grid with a small bias or a large bias or by 
overdriving a conventional amplifier. This type of ampli- 
fier is treated in chapter 12. The effects of too little or too 
much bias are treated in chapter 4. 

CuamPiNG circuit.—Clamping circuits, also called D-C 
RESTORERS, and BASELINE STABILIZERS, hold either amplitude 
extreme of a waveform to a given reference level of potential. 
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The diode clamper is used in radar to force each succeeding 
sweep to start at exactly the same spot on the radar scope. 
This eliminates ‘‘jitter” or “wobble” in the display pattern. 

R-C DIFFERENTIATOR.—The R-C differentiator produces 
an output voltage the amplitude of which is proportional to 
the rate of change of the input voltage. Because a square 
wave has a fast rise and fall in voltage it may be applied to 
the input of an R-C differentiator to produce sharp voltage 
spikes across the output. These spikes may be used to 
trigger a multivibrator. 

PHASE INVERTER.—Phase inverters (phase splitters) ara 
used in oscilloscopes to provide from a single source two 
voltages that are 180° out of phase in order to provide a 
push-pull output from the horizontal amplifier stage. This 
type of circuit, together with some of its other uses, is 
treated in chapter 5. 


Connecting Circuits 


Connecting circuits are used to connect one circuit to 
another in such a way that minimum interference between 
the circuits will result. They are also used to enable a 
maximum transfer of energy or to accomplish some other 
desired result. 

CatHODE FOLLOWER.—The cathode follower is a degenera- 
tive electron-tube circuit in which the inverse feedback is 
obtained by way of an unbypassed cathode resistor across 
which the output is taken. It is used to prevent interference 
between two circuits and as such becomes a “‘buffer’” stage. 
These circuits are widely used as impedance-matching devices. 
Cathode followers are treated in chapter 5. 

E.ecrronic switcH.—The electronic switch is used to 
close, open, or change the operation of an electronic circuit. 
The electronic switch is very sensitive and is fast in operation. 
Thus, it can alternately connect one circuit to an oscillo- 
scope, disconnect this circuit, and then connect a second cir- 
cuit fast enough to present both waveforms simultaneously 
for a comparative study. 
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COND 


12. 


13. 


14. 


15. 


16. 
17. 


18. 


19. 


20. 


21. 
22. 


QUIZ 


. If a person shouts in the direction of a cliff and there is a 2-second 


interval before he hears the echo, how far is the cliff? (Assume 
the velocity of sound in air to be 1,100 ft/sec.) 


. What three measurements may be made with the apparatus shown 


in figure 14-1? 


. What effect is utilized in the continuous-wave radar method of 


detecting a target? 


. In the frequency-modulation radar method, upon what does the 


frequency difference of the outgoing and incoming signals depend? 


. Why are the problems experienced with the c-w and f-m radar 


methods not present in pulse radar? 


. What are the three general classifications of radar equipments? 

. What are the functions of the fighter-director radars? 

. What type of information is given in type-A presentation? 

. What type of information is given in type-B and PPI presentation? 
. How far (in yards) do radio waves travel in 1 microsecond? 

11. 


How long (in microseconds) does it take a radio wave to travel 1 
nautical mile (2,000 yards)? 

What is the relation between the time for one sweep on the radar 
screen and the time for the transmitted pulse to travel to the 
target (maximum range) and return to the receiver? 

Describe the process known as gating the target (fig. 14-5). 

What is the effect on the accuracy of a radar of making the antenna 
beam angle narrower? 

How may the altitude of a target be determined if the slant range 
and the angle of elevation are known? 

What type of presentation has a radial time-base line? 

How is the radar echo applied to the (1) range scope and (2) PPI 
scope? 

In order to locate targets at long range, search radars have what 
special design features? 

In order to obtain precision target resolution at short range fire 
control radars have what special design features? 

What are the functions of the timer, or keyer, in a radar system? 
What is the function of the transmitter in a radar system? 

What is the relation between carrier frequency and the size of the 
radar antenna array for a given sharpness of pattern? 
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24. 
25. 
26. 


27. 
28, 

29. 
30. 

31. 
32. 
33. 


34, 


35. 


. What is one of the problems involved when the size of an electron 


tube is reduced in order to reduce interelectrode capacitances and 
transit time? 

Assuming sufficient peak power is available, upon what does the 
maximum range of a given radar equipment depend? 

What determines the lowest pulse-repetition frequency that can 
be used with a given radar antenna and indicator system? 

What determines the minimum range at which a target can be 
detected? 

What is the term used to designate the ratio of the pulse width to 
the pulse-repetition time? 


. What type of pulse is needed to trigger the magnetron? 


Upon what does the frequency of a magnetron depend? 


. Why does a magnetron having high peak power run relatively cool? 


What is the function of the TR section? 
Why is an r-f amplifier not used in a radar receiver? 
How is the over-all sensitivity of a radar receiver improved? 


Name five generating circuits that are applicable to radar special 
circuits. 


What is the function of a reshaping circuit? 
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APPENDIX | 
ANSWERS TO QUIZZES 


CHAPTER 1 
TUNED CIRCUITS 


. Because X; and X¢ are equal and opposite in polarity and therefore 


cancel each other. 


. The circuit impedance is a minimum at resonance, thereby allowing 


maximum current flow. 


. At a resonance, when the effective series resistance is low. 
. Because the currents in the two branches are approximately 180° 


out of phase and combine to produce a small resultant. 


. When the ratio of reactance to the inherent resistance in each unit 


is high. 


. To select the desired frequencies and to reject the undesired 


frequencies. 


. A vector quantity has magnitude and direction; a scalar quantity 


has only magnitude. 


. 5 times. 

. 90° clockwise from the 0° position, or —90°. 
. 5 units long and 180°. 

. 5 units of inductive reactance. 

» (a) 74395; (b) 5+7. 

. (a) —5; (b) 0.9234 1.615). 

. (a) 1.7324 7; (b) 10 2 +53°. 

. When they are parallel. 

. (a) 18 Z—30°; (b) 22+60°. 

. Because the reactive components cancel. 

. The source voltage and the circuit current. 

. The ratio of the energy stored to the energy lost during the time 


the magnetic field is being established, and the ratio of Xz to R. 


. The ratio of the energy stored to the energy dissipated within the 


capacitor during the time the electrostatic field is being established, 
and the ratio of X¢ to R. 
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21. 
. It increases the voltage gain. 
23. 
24, 
25. 
26. 


28. 
29. 


30. 
31. 


32. 


33. 


34. 
35. 


36. 


It increases the circuit Q. 


The lower the Q, the flatter is the curve. 
Above the resonant frequency the circuit acts like an inductor. 
As a filter. 


Because the nonenergy current in the capacitor is equal to the 
nonenergy current in the coil source and supplies only the energy 
component of current. 


. The fs ratio. (R being constant.) 


Cc 
Because the circuit acts like a capacitor in series with a resistor, 
The impedance is reduced, the line current is increased, and the 
circuit Q is lowered. The phase angle is unaffected unless Q is 
less than 10. 
Because in some electron-tube circuits it acts like a storage tank. 


The high impedance of the series-tuned circuit and the low imped- 
ance of the parallel-tuned circuit offered to the frequencies outside 
the band in the vicinity of resonance. 


The parallel-tuned circuit offers a high impedance and the series- 
tuned circuit offers a low impedance to the band in the vicinity of 
resonance. 


To eliminate (trap out) from a circuit a given frequency or band 
of frequencies. 
It reduces the primary current. 


When the coupling is small and the plate resistance is large with 
respect to the coupled impedance. 


The coefficient of coupling and the Q of the circuits. 


CHAPTER 2 


OPERATING PRINCIPLES OF THE ELECTRON 


oP Ob 


TUBE 


. To convert currents and voltages from one waveform to another, 


to amplify weak signals, and to generate high-frequency currents. 
Heat. 

The frequency of the incident radiant energy. 

Their great durability. 

Medium power tubes with plate voltage between 500 and 5,000 
volts. 


694 
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10. 
ll. 
12. 
13. 
14. 
. Dynamic characteristics are obtained with a-c components 


16. 
17. 
18. 
19. 
20. 
21, 


22. 


23. 
24, 
25. 
26. 
27, 
28. 
29. 
30. 
31. 


32. 


33. 
34. 


. Oxide-coated emitter. 
. Too much power is required for heating purposes. 
. To prevent oxidation of the cathode and heating element and to 


permit the flow of current from cathode to plate without colliding 
with gas particles. 


. The plate voltage at which all of the electrons transmitted by the 


cathode are attracted to the plate. 

By the voltage between plate and cathode. 
Oxide-coated emitter. 

As rectifiers. 

The cutoff bias. 

When grid current flows. 


present, as in actual operstion; static characteristics are obtained 
with d-c components only. 

Mu (un). 

A-c plate resistance (r,). 

B=T 20m: 

Gm. 

Distortion is produced in the output. 


By reducing the physical dimensions and spacing of the electrodes 
and often not terminating them in conventional tube bases. 


In tetrodes neutralization is usually unnecessary, plate current is 
practically independent of plate-voltage variations, and the ampli- 
fication factor and the transconductance are higher. 


Negative resistance. 

To suppress secondary emission. 

The space charge between the screen grid and plate repels them. 
Variable-mu tubes. 

Interelectrode capacitance and electron transit time. 

By decreasing the plate potential below the deionization potential. 
Higher plate current and lower internal resistance when conducting. 
The plate supply. 

Arcback, positive-ion bombardment of the cathode, and lack of 
sufficient deionizing time. 

To give the mercury sufficient time to vaporize and thus to prevent 


bombardment of the cathode with ions that have acquired an 
excessive charge. 


When conduction starts, the thyratron grid loses control. 
As a tuning or balance indicator. 
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CHAPTER 3 


POWER SUPPLIES FOR ELECTRONIC EQUIPMENTS 


@ 


11, 
12, 


13. 


14, 


15. 


16. 


17. 


18. 
19. 


20. 


. The B-supply is always d-c and supplies high-voltage at low cur- 


rent; the A-supply may supply either a-c or d-c and furnishes low 
voltage at relatively high current. 


. To minimize hum caused by the a-c heater component modulating 


the space current. 


. The heating and emitting elements are electrically insulated and 


therefore the a-c heater component is not coupled to the signal 
circuits. 


. High-vacuum tube. 
. Maximum peak plate current and maximum inverse peak plate 


voltage rating. 


. Because of the lower voltage drop across the mercury-vapor tube 


resulting in less power loss in the tube. 


- 15 volts. 

. The oxide coating is thin and therefore may be easily punctured. 
. By connecting a number of units in series. 

10. 


Electrons flow from negative to positive through R, making the 
cathode positive with respect to ground. 

141.4 volts and 127.2 volts. respectively. 

The d-c load current flows through the two halves of the secondary 
in opposite directions, 

In the bridge rectifier the output voltage is nearly twice as high. 
Three filament transformer windings that are insulated to with- 
stand the full load voltage between any two of them are needed for 
the tubes. 

Because the charge-path is through the conducting diode and low- 
resistance transformer secondary, and the discharge-path is through 
the relatively high resistance of the load, R. 

The direct voltage falls too much; and the surge of current when 
the capacitor charges may damage the gas tube. 

The impedance of the input choke prevents the capacitor from 
charging up to the peak a-c voltage. 

In the first (input) component. 

Because current flow is intermittant and the choke has no effect 
except when current flows. 

The voltage drop within the power supply caused by the flow of 
load current through the internal resistance of the power supply. 
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25. 
26. 


27. 


28. 


29. 
30. 


31. 


32. 


33. 


34. 
35. 


36. 
37. 


38. 


To prevent the capacitor from charging to the peak value fo the 
a-c voltage and thereby causing poor regulation. 

Increased. 

It is made worse. 

The impedance of the tube varies inversely with the degree of 
ionization and with the amount of current drawn through the tube, 


so that the voltage drop across the tube and the load remains 
constant. 


It increases. 
The decrease in bias and effective resistance of the series triode. 


The high amplification of the pentode makes the regulator more 
sensitive to small variations in load voltage or in input voltage, 
hence a more stable load voltage is maintained. 


To apply a minimum fixed load to the filter and to discharge the 
filter capacitors when the power supply is turned off. 


To supply a variety of output voltages. 


To supply both positive and negative potentials with respect to 
ground, 


The output voltage across that part of the divider is decreased and 
the division of voltages is altered. 


When D2 is nonconducting, no current is drawn from the input 
circuit and the size of C2 limits the load current. 


To maintain a steady voltage across the resistor at the lowest 
operating frequency. 
To protect the tubes and circuits should other systems of bias fail. 


To produce a higher direct voltage for the plates and screens of 
electron tubes. 


Low-voltage d-c is converted into high-voltage a-c or d-c. 


The synchronous vibrator does not require a separate rectifier, the 
nonsynchronous type does. 


To change direct current into alternating current. 


CHAPTER 4 


INTRODUCTION TO ELECTRON-TUBE AMPLIFIERS 


i 
2. 
3. 


The d-c component. 
By having a step-up or a step-down turns ratio. 


To increase the relatively low amplitude of an input signal on the 
grid to a relatively high amplitude in the output (plate) circuit. 
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10. 
1. 
12, 


13. 


22. 


23. 


24. 


25. 
26. 


27. 


. Voltage gain= — 


signal voltage output 
signal voltage input 


. The ratio of the output power to the input grid driving power. 
. The ratio of useful output power to d-c input power in the plate 


circuit. 


. The ratio of the output power in watts to the square of the 


effective value of grid signal voltage. 


. The entire cycle. 
. Each tube supplies that half of the waveform not supplied by the 


other, thus giving a true reproduction of the input signal. 

It flows for more than half but less than the full cycle. 

As r-f power amplifiers in transmitters. 

To make the response flat over a wide range of frequencies and to 
keep time-delay distortion within a certain minimum value at the 
high- and low-frequency ends of the spectrum. 

The feedback coupling between plate and grid is removed and the 
grid-plate interelectrode capacitance is placed effectively in parallel 
with the load. 


. It has less input capacitance. 

. The ratio of the bandwidth to the center frequency. 

. Frequency distortion. 

. Phase distortion. 

. Amplitude (nonlinear) distortion. 

. Tube noise. 

. Reduced amplification. 

. The increased capacitive reactance of the interstage coupling 


capacitor. 

Shunting the load with C,, C,, and Cz which increases the internal 
voltage loss in r,, and reduces éoue- 

It is not affected because the reactance of the series coupling 
capacitor is low and that of the shunting capacitances is high. 

(1) The voltage gain may exceed mu. (2) The grid of the output 
stage is isolated from the B-supply voltage without the need for a 
blocking capacitor. (3) The d-c component of voltage acting in 
the plate circuit is less than when R-C coupling is used. 

The decrease in reactance of the transformer primary inductance. 
Because of the decreased reactance of the shunting capacitance 
across which the output voltage is developed, and because of the 
increased reactance of the leakage inductance in series with the 
output. 

Positive. 
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28. 


17. 


18. 


19, 


20. 


21. 
22. 
23. 


24. 
25. 


Uniform frequency response over a wide frequency range, and 
suitability for amplifying pulse signals. 


CHAPTER 5 
ELECTRON-TUBE AMPLIFIER CIRCUITS 


. (a) Meter, relay and counter; (b) gain control of an amplifier, and 


frequency control of an oscillator. 


. Both gain and selectivity are increased. 

. The undesirable distortion is increased. 

. The nonlinear distortion is reduced. 

. Because it must occur in the plate circuit of the stage across which 


feedback is to be applied in order to separate the distortion from 
the desired signal. 


. In the high-level stages. 

. The high frequencies. 

. The gain is reduced. 

. The cathode resistor bypass capacitor. 

. They are 180° out of phase. 

. They are both high. 

. In series. 

. Directly. 

. It increases the Q. 

. The response curve is sharply peaked, and the pass band is very 


narrow. 


. The response at resonance is reduced and humps occur at both 


sides of resonance. 

It lowers the circuit Q. 

To introduce degeneration to overcome frequency distortion. 

To resonate with the interelectrode and distributed capacitances 
and thus extend the high-frequency limit. 

To increase the effective load impedance at the low frequencies 
and thus counteract the normal drop at these frequencies. 

The gain increases with the capacitance. 

Less. 

Because the output voltage follows (is in phase with) the input 
voltage. 

It decreases both. 


Low. 
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26. 


27. 


28. 
29. 
30. 


op 


FSeerne 


12, 


13. 
14. 


15. 
16. 
17. 
18. 
19, 
20. 





Such an omission increases the low-frequency response. 

To produce from a single waveform two waveforms that hare 
exactly opposite instantaneous polarities. 

Distortions and losses inherent in transformers. 

(1) Degenerative feedback and (2) voltage division. 

To reduce the input of V2 to the same value as the input of Viso 
that the output voltage of V2 will equal that of V1. 


CHAPTER 6 
AUDIO POWER AMPLIFIER 


. To deliver power to a load. | 
. Low amplification factors, low plate resistance, and high za 
\ 


current, 


. The curvature of the lower portion of the curve. 
. The load impedance is twice the plate resistance. 
. Because appreciable plate current flows during the entire grid- 


voltage cycle. 
ep, = Ey—i,R. 
Zero. { 


. 400 volts. 


30 ma. \ 


. 4 percent. | 
. The primary-to-secondary turns ratio is equal to the square root | 


of the primary-to-secondary matching impedances. 

The loss in voltage through the transformer primary and secondary \ 
leakage reactance as a result of (1) load current and (2) capacitive | 
current due to shunting capacitance. 

High primary inductance and low leakage inductance. 

(1) Second harmonics and all even-numbered harmonics are 
eliminated from output; (2) plate power supply hum is reduced; 
(3) no d-c core saturation is present; and (4) no regeneration is 
caused by signal currents in the power supply. 

They are 180° out of phase. 

About 72 percent. 

Because the plate current flows for a smaller part of the input cycle. 
Approximately 2.6 times as much. 

Because the plate load resistance is twice as great. 

30 db. 


700 


Because the human ear responds logarithmically to changes in 
sound levels. 


Zero reference level. 
One watt. 


CHAPTER 7 
OSCILLATORS 


. The feedback must be regenerative, and the feedback energy must 

be sufficient to compensate for the energy losses in the grid circuit. 

4. The distributed inductance and capacitance of the circuit com- 
ponents and the interelectrode capacitance of the tubes. 

3. Measurement of the d-c voltage developed across the grid resistor. 

t. By the mutual coupling between L1 and L2. 

>. The flywheel effect (interchange of energy between the tank coil and 
capacitor). 

5. It makes the oscillator self-starting. 

7. The d-c component of plate current is isolated from the tuned 
circuit in the shunt-fed Hartley oscillator. 

8. The Colpitts oscillator uses a split-tank capacitor instead of a 
split-tank inductor. 

9. Through the plate-grid interelectrode capacitance of the tube. 

0. The circuit having the higher Q. 

1, In the high- and ultrahigh-frequency ranges. 

2. Oscillator in L, L2, CT, control grid, and screen grid; amplifier in 
the plate, C4, and L3. 

\3. The frequency is increased. 

(4, By an increase in screen potential and an equal decrease in sup- 
pressor bias via Cl, causing a decrease in screen current. 

15. Quartz is more rugged and has a higher Q. 

16. The X-cut crystal has a negative temperature coefficient (an 
increase in temperature causes a decrease in frequency) and the 
Y-cut crystal has a positive temperature coefficient (an increase in 
temperature causes an increase in frequency). 

17. The AT-cut. 

18. By placing the frequency-determining elements in a temperature- 
controlled oven. 

19. Because the tank suddenly “looks like” a capacitor instead of an 
inductor and the feedback becomes negative instead of positive. 

20. Because the required feedback is less. 

21. The RC time constant of the circuit. 

22. The frequency is increased. 

23. The thyratron is more stable and the deionizing time is reduced 

24. The linearity of the output voltage will be improved. 
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25. 
26. 
27. 
28. 
. The multivibrator will synchronize at a frequency that is som 


30. 


— 
won 


14. 
15. 
16. 
17. 
18. 
19. 
20. 


21. 


FSS MONAARwYDH 


(See fig. 7-21.) 

The values of R and C in the coupling networks. 

To force them to operate at the synchronizing frequency. 
In the cathode circuit or between grid and cathode. 


subdivision (for example 34) of the synchronizing frequency. 
As electronic switches to produce gate voltages. 


CHAPTER 8 
MODULATION AND DEMODULATION 


. In the side bands. 


100 percent. 
To prevent interference with other channels. 


By the modulation transformer, M, in series with the tank and B+, 


. 2,000 volts. 


The a-f input is equal to one-half the r-f input. 


. 4,000 volts, 

. 22.4 percent. 

. The output r-f current is reduced to zero. 

. It is four times as great. 

. Class C. 

. Space, weight, and input power are less than for plate modulation. 
. The degree of modulation, the power, and the intelligibility are 


reduced. 

Because a buzzer or audio oscillator having a constant amplitude 
output voltage is used as the tone source. 

The m-c-w receiver tuning is broader. 

The amplitude of the modulating frequency. 

It is taken from the carrier and redistributed in the side bands. 
The approximate bandwidth is equal to the sum of the modulation 
frequency and the carrier frequency deviation. 

Because the transmitter input to the antenna is constant and 
independent of the modulating signal. 

To increase the initial frequency deviation of the oscillator to 4 
suitable value in the output. 

Its reactance varies with the modulating signal and thereby varies 
the frequency of the oscillator stage. 
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22. 


23. 
24. 


25. 
26. 


27. 
28. 
29. 
30. 


31. 


32. 
33. 


34. 
35. 
36. 
37. 
38. 


39. 


To ensure that only the amplitude, and not the instantaneous 
frequency of the modulating signal, will influence the extent of the 
carrier frequency swing. 

One whose current-voltage relation is not a straight line. 
Sum-and-difference frequencies (side-band frequencies) and a zero 
frequency or d-c component. 

The waveform is distorted and new frequencies are produced. 
Because the output voltage is essentially proportional to the 
square of the effective input voltage. 

One volt. 

Square law. 

Contact potential. 

Because it normally handles large input signals with minimum 
distortion. 

To maintain the voltage across R during the time when no plate 
current flows. 

The values of R and C2. 

(1) It draws power from the preceding tuned circuit and therefore 
the circuit Q, the sensitivity, and the selectivity are reduced; (2) 
its interelectrode capacitance limits its usefulness at high carrier 
frequencies; (3) it distorts on weak signals; and (4) considerable 
amplification is required ahead of the detector. 

A diode detector and a triode amplifier. 

Because it draws grid current. 

Because it does not draw grid current. 

The nonlinearity of the response curve. 

Because the discriminator is sensitive to both amplitude and 
frequency changes. 

Upon the ratio between ¢ and é. 


CHAPTER 9 
TRANSMITTERS 


. Because c-w has fewer side bands and therefore greater signal 


strength in the remaining side-band frequencies. 


. Because the antennas are too long. 
. The signals are capable of being transmitted through magnetic 


storms that blank out the higher r-f channels. 


. The upper end of the ultrahigh-frequency band. 
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12. 


13. 
14. 


16. 
17. 
18, 
19. 


20. 


21. 


22. 


23. 


24. 


25. 
26. 


27. 


28. 


. The large number of crystals needed. 
. By placing the frequency-determining components of the oscillator 


in a temperature-controlled oven, loading the oscillator very 
lightly, and isolating it with a buffer stage. 


. The electron-coupled oscillator (ECO). 
. So that the crystal may be operated at a lower frequency and 


therefore be larger and more rugged. 


|. One-fourth. 
10. 
il. 


Inversely. 

(1) High-grid driving voltage, (2) high grid bias, and (3) the plate 
tank tuned to the desired harmonic. 

Because it is supplied at a time when the plate voltage is (and 
hence plate losses are) at a minimum. 

In the grid resistor. 

It causes a loss in grid current and operating bias. Plate current 
then becomes dangerously high and the tube may be damaged. 


. They are larger and heavier. 


It is prevented from breaking into oscillation. 

Because there is additional power loss in the screen-grid circuits. 
Parasitic oscillations. 

By placing an inductor and resistor in parallel and inserting them 
in the grid and plate leads of an r-f amplifier of the transmitter. 
Blocked-grid keying, as shown in figure 9-14, B. 

So that plate voltage cannot be applied to V3 before the proper 
filament and bias voltages are developed. 

High plate current, high plate dissipation, power loss, and low 
output. 

Plate current cannot be brought to the proper minimum, and grid 
current will be too low or may even reverse. 

(1) Greater range, (2) less interference, (3) smaller and much 
simpler to operate, and (4) more c-w transmitters than radio 
telephone transmitters may operate in a given band. 

Low. 

The range of frequencies over which the microphone is capable of 
responding should be no wider than the over-all frequency response 
of the system, and the response should be essentially uniform (free 
from sharp peaks or dips) throughout its range. 

To prevent the transmission line capacitance from effectively 
shunting the microphone and causing an increased voltage loss, 
especially at the high-frequency end of the audio band. 

1 dyne per square centimeter input and 1 milliwatt output. 
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29. 


30. 


31. 
32. 
33. 
34, 


35. 


Pe ee 
or on 


16. 


HF Seesneoeunwn 


Less gain is required in the amplifiers with consequent greater 
margin over thermal noise, amplifier hum, and noise pick-up in the 
line between the microphone and the amplifier. 


It requires an external voltage source, may be noisy, and may 
have mechanical resonance at certain frequencies. 


The impedance is low. 
Sensitivity to high temperature, humidity, and rough handling. 
They are resistant to vibration, shock, and rough handling. 


By the zero mutual inductive coupling between the plate tank 
inductor and the antenna coupling coil at audio frequencies. 


In order to generate the required frequency deviation of +15 ke 
on either side of the carrier. 


CHAPTER 10 
TRANSMISSION LINES 


. They may be used as (1) impedance-matching devices, (2) phase 


shifters and inverters, (3) wave filters and chokes, and (4) oscillator 
frequency controls. 


. The characteristic impedance is increased. 
. They are in phase. 
. Because of line losses. 


The characteristic impedance. 
Maximum. 


. Minimum. 
. Maximum. 


Zero. 


. They are equal. 

. Because of circuit losses. 

. A parallel-resonant circuit having high resistance. 

. An inductor. 

. A series resonant circuit. 

. The voltage and current curves remain the same as for the open-end 


line except that they are shifted toward the output end by an 
amount that increases as the capacitive reactance is reduced. (See 
fig. 10-7, A.) 

The ratio of the effective voltage at a loop to the effective voltage 
at a node; (2) the ratio of the effective current at a loop to the 
effective current at a node; and (3) the ratio of the characteristic 
impedance to the impedance of the load. 


705 


17. 
18. 
19. 
20. 
21, 
22. 
23. 
24. 


25. 


26. 
27. 
28. 


29. 


31, 
32. 


33. 


apo Nn 


The SWR is increased. 

High radiation loss at high frequencies. 

Rubber insulation losses. 

The two conductors are balanced (same capacitance) to ground. 
Higher. 

The voltage level at which the waveguide arcs over. 

The guides would be too large. 

In the TE (transverse electric) mode of operation the E lines lie 


in transverse planes containing the X and Y axes, and the E lines 
also are parallel with the Y axis and perpendicular to the Z axis. 
In the TM (transverse magnetic) mode of operation the magnetic 
field lies in transverse planes that contain the X and Y axes and 
that are wholly transverse to the guide axis. 

The mode having the lowest cutoff frequency for a given size of 
guide is called the DOMINANT MODE. 

Minimum. 

A probe is inserted in a narrow slot that is parallel to the electric 
field, and a crystal or rectifier bolometer are used to detect the 
signal. 

Lecher lines are used as tuned-circuit elements and as resonant 
lines for the purpose of obtaining wavelength. 


. The power-handling capacity is reduced, the efficiency is lowered, 


and the resistance is increased. 
The impedance is high. 
Because they are too long. 


E 
Because the impedance (the T ratio) varies widely between the 


shorted and the open end. 


CHAPTER 11 
ANTENNAS AND PROPAGATION 


. A moving electric field creates a magnetic field and a moving 


magnetic field creates an electric field. 
300 


A= 


f 


. Sine waveform. 
. At few wavelengths. 
. Inversely. 
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10. 


11, 
12, 


13. 
14. 
15. 


16. 


17. 
18. 
19, 
20. 


21, 


22. 
23. 
24, 


25. 
26. 
27. 
28. 
29. 
30. 


. Because they have large standing waves of voltage and current 


with a minimum of generator current and voltage. 
Less. 


. The antenna input impedance. 
. Because the large-diameter radiator has greater capacitance hence 


less inductance. 


Radiation resistance is the value of resistance that will dissipate 
the same power that the antenna dissipates. 


(a) 73.2 ohms; (b) 36.6 ohms. 


The ohmic resistance of the antenna conductor; corona discharge; 
and insulator losses. 


They are parallel. 
Horizontal. 


It is one-half wavelength long, or any even or odd multiple thereof; 
it may be mounted either vertically or horizontally and need not 
be connected conductively to the ground. 


It is grounded and is one quarter-wavelength long, or any odd 
multiple thereof. 

By adding an inductor in series with the antenna. 

By adding a capacitor in series with the antenna. 

R. 

Because the ground-reflected component (1) is shifted in phase 
180° upon reflection, (2) has the same magnitude as the direct 
component, and (3) travels a path of approximately the same 
length as that of the direct component. 


Because greater energy is absorbed from the wave at the higher 
frequencies. 


Much higher. 
The D layer. 


(1) The angle at which the sky wave strikes the ionosphere; (2) 
the frequency of the transmission; and (3) the ion density. 


It decreases. 

It decreases the range to that of surface-wave ranges. 
The F; layer. 

No. 

Warm layers of air are found above cooler layers. 

It increases the range many miles beyond the normal range. 
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CHAPTER 12 
ELEMENTARY COMMUNICATIONS RECEIVERS 


1. Selectivity is the ability to select the desired signal; sensitivity is 
the ability to amplify weak signals. 
2. Because, unlike triodes, they usually do not require neutralization, 
and they have higher gain. 

. Because of the high amplification through the multistage amplifier. 

. Decoupling circuits. 

. To spearate stations that are crowded together on the dial. 

(1) To rectify the signal, and (2) to filter it (remove the r-f com- 

ponent and pass the a-f component on to the a-f amplifier). 

. The curved portion near the cutoff point. 

. The type of reproducer. 

. They are equal. 

10. To the a-c signal current in the voice coil. 

11. The selectivity is not constant over the tuning range. 

12. It isolates the oscillator from the antenna-ground system, and 
reduces the strength of images. 

13. An unwanted signal that always differs from the desired station by 
an amount equal to twice the intermediate frequency. 


14. To provide a low impedance (coupling between the lower end of 
L2 and the grounded end of C2), thus bypassing the decoupling 
filters in the a-v-c circuit. 


15. By means of the electron stream itself. 
16. To provide frequency stability for the local oscillator—that is, 


to prevent it from locking in synchronism with the station fre- 
quency signal. 

17. Amplification and mixing. 

18. The i-f output voltage to the r-f input voltage. 

19. The class-A voltage amplifier. 

20. To increase the receiver selectivity. The crystal has a higher Q 
than tuned circuits employing inductors and capacitors. 


21. Because the diode detector has good linearity and can handle 
relatively large signals without overloading. 


22. By reducing the time constant of R,C;, for example, by reducing 
R1 to 100 k-ohms. 


23. Variable-mu tubes. 


aon fk 


Con 
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Semana r rw 


1. 


12, 


From the output of the filter Ri, C2, C3 connected across the 
diode load resistor R2. 


(a) 3 volts; (b) cathode bias. 

Ordinary a-g-c attenuates all signals, even weak ones. Delayed 
a-g-c does not attenuate weak signals—only strong ones. 

‘When it acts as an open circuit. 

To beat with the c-w signal to produce an audible tone. 

To disable the receiver when no signals are being received. 

The method of detection used. 


. To discriminate against images and to increase the amplitude of 


weak signals. 


. By using the second harmonic of the local oscillator for mixing, by 


connecting capacitors having a negative temperature coefficient 
across those having a positive temperature coefficient, and by using 
proper voltage regulation and choice of oscillator tubes. 


. Because the gain of each f-m stage is less than that of the corre- 


sponding a-m stage. 


. To provide for the discriminator a signal having constant amplitude. 


CHAPTER 13 
ELECTRONIC TEST EQUIPMENT 


. To produce a visual presentation of circuit waveforms. 


By comparing the observed waveforms with the optimum ef- 


ficiency waveforms printed on the schematic diagrams or on the 
equipment. 


. Electrostatic and electromagnetic. 
. Electromagnetic deflection. 


A cylindrical grid surrounding the cathode. 


. To accelerate the electrons in the beam and aid in the focus action. 


Because of their high velocity in the direction of the screen. 


. By varying the voltage between the first anode and the cathode. 
. By varying the current through the foous coil. 
. The angle through which the beam may be deflected in any direc- 


tion from the center line through the tube. 

The length of time that the screen glows at the point where the 
electron beam strikes it. 

By applying the sine-wave voltage to the vertical deflection plates 


and at the same time applying a saw-tooth voltage of the same 
frequency to the horizontal deflection plates. 
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13. 
14. 
15. 
16. 


17. 


18. 


19. 


20. 


21. 


22. 
23. 
24. 


25. 


26. 


27. 


28. 
29. 


30. 
31, 


32. 


To prevent excessive attenuation by the vertical amplifier circuits. 
To blank out the return trace of the sweep generator. 

By the use of a voltage divider. 

(1) The distance in millimeters that the spot will move on the 
screen when 1 volt is applied across one pair of deflection plates, 
and (2) the input voltage to the amplifier (horizontal or vertical) 
for a deflection of 1 inch of the spot on the screen. 

So that the entire pulse will be visible on the screen, including the 
leading edge. 

Observing (1) the waveforms of short pulses, (2) the time interval 
of the pulses as well as the time between pulses, and (3) the stand- 
ing-wave ratio in a waveguide between a radar transmitter and 
antenna. 

To cut an amplifier tube, V1, on and off at the multivibrator 
frequency, as in figure 13-9. 

They tend to detune the self-excited oscillator circuits to which they 
are coupled. 

Because energy is absorbed from the oscillator tank by the circuit 
under test thus decreasing the a-c component of plate voltage and 
decreasing the feedback energy so that the grid is driven less 
positive. 

WwVy. 

The output is too low. 

The alignment of r-f and i-f circuits; and, if sufficiently accurate, 
the determination of unknown frequencies by the zero-beat method. 
To isolate the fixed and variable oscillators and to prevent them 
from pulling into step with each other as they approach the same 
frequency at low a-f settings on the dial. 

A portable radio receiver and a meter to indicate the strength of the 
received signal. 

To permit calibration of the field-intensity meter since the output 
of the shot-noise generator is known. 

To prevent local oscillator radiation from the antenna circuit. 

To provide a visual indication of the frequency components of an 
amplitude-modulated radio wave. 

The voltage drops must be equal and they must be in phase. 

Tests to determine the turns ratio of transformers, and capacitor 
quality. 

The emission-type tester indicates the relative value of a tube in 
terms of cathode emission; the transconductance tester indicates 
not only this value but also the ability of the grid voltage to control 
the plate current. 
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33. 
34. 
35. 


36. 


37. 


coPpwnr 


14. 
15. 


16. 
17. 


A radio receiver. 
An a-c signal applied to the grid. 


Because the relatively low impedance of the voltmeter causes 
excessive current to flow through the circuit under test, thus 


causing an excessive voltage drop and an abnormal distribution of 
the circuit voltage. 


The metallic rectifier capacitance shorts the high frequencies 
around the meter. 


To introduce a contact potential across the grid of V2B to balance 
the bridge. 


CHAPTER 14 
INTRODUCTION TO RADAR 


- 1,100 feet. 

. Direction, distance, and height. 

. Doppler effect. 

. The distance traveled by the signals. 

. Pulse radar does not depend on the relative frequency of the 


returned signal or on the motion of the target. 


. Search, fire control, and fighter-director. 
. To control and direct aircraft in air-to-air attack and defense; in 


some instances they are used as search radars. 


. Range. 

. Range and azimuth angle. 
10, 
ll, 
12. 
13. 


328 yards. 

6.1 microseconds. 

The time is the same in both cases. 

The operator turns a handcrank to move the range indicator, or 
gate, to the target and then reads the range in yards from the 
counter assembly. 

The accuracy is increased. 

The altitude is equal to the slant range multiplied by the sine of 
the angle of elevation. 

PPI: 


(1) In the range scope it is amplified and applied to the vertical 
deflection plate in such a way as to produce a pip on the horizontal 
time base line on the screen; (2) in the PPI scope it is amplified 
and applied to the control grid in such a way that the trace is 
brightened momentarily on the radial time base line on the screen. 
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18. 
19. 
20. 


21. 
. The higher the carrier frequency, the smaller is the antenna array. 
23. 
24. 
25. 


26. 


27. 
28. 
29. 


30. 
31. 


32. 
33. 


34. 


35. 


High power, wide beam angle, and long pulse widths. 
Relatively low power, short pulse width, and narrow beam angle. 


It produces the synchronizing signals that trigger the transmitter; 
triggers the indicator sweep; and coordinates the other associated 
circuits. 


To generate r-f energy in short, powerful pulses. 


The power rating is reduced. 
The ratio of the resting time to the pulse width. 


The persistence of the screen and the rotational speed of the 
antenna. 


The width of the transmitted pulse (receiver is blocked during 
transmitter pulsing periods). 

The duty cycle. 

A negative-going square wave of sufficient smplitude. 

Upon the size of the cylinder, the strength of the magnetic field, 
and the difference in potential between the cathode and plate. 
Because of the relatively long resting time between pulses. 

To prevent the outgoing energy from entering the receiver and to 
prevent the energy of the echo from entering the transmitter. 
Because of the higher frequencies used in radar. 

By the use of many i-f stages. 

(1) Repetition-rate oscillator, (2) saw-tooth generator, (3) multi- 
vibrator, (4) magnetron, and (5) local oscillator. 


To reshape waveforms from a generating circuit according to the 
needs of the system. 
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APPENDIX Il 


ELECTRONIC COLOR CODING AND 
SYMBOLS 







TOLERANCE 
NUMBERS OF ZEROS OR 
DECIMAL MULTIPLIER 
2nd 


: SIGNIFICANT FIGURES 
lst 


SIGNIFICANT 

FIGURE OR 
NUMBER OF 
ZEROS 













DECIMAL 
MULTIPLIER 


RESISTANCE 


COLOR TOLERANCE 









ORANGE .... 
YELLOW .... 
GREEN ..... 
BLUE 3... 
VIOLET..... 
GRAY ...... 
WHITE ..... 
GOLD: oe ess 
SILVER ..... 
NO COLOR... 


OMDNMDUFUNHO 


% SYMBOL DESIGNATION ALTERNATE FOR COLOR 


Figure A-1.—Standard resistor color code. 


325772 0-55 -46 713 


15%125 


— 


715% .045 
ofistizs 


| 





(#20 AWG MIN) TOLERANCE 237¢ 027010 


IST SIGNIFICANT FIGUR 
2NO SIGNIFICANT FIGURE NUMBER OF ZEROS OR DECIMAL MULTIPLIER 
WOTES: 

1, Al] dimensions in inches. 


2. Referenced specification shall be of the issue in effect on date of invitation for bids. 
‘TYPE-DESIGNATION EXAMPLE | 


Si aes ak” as 


GHARACTERISTIC (HAXIMUM AMBIENT TEMPERATURE) RESISTANCE TOLERANCE | 
Waximum ambient temperature 





CHARACTERISTIC (RESISTANCE~TEMPERATURE ) 











Maxisum allovable change ‘ 
an eae tetasen ‘Som val Shae © DERATING CURVES FOR 
feet aU RS a ee] A OS TEMRERATUNES 
12, 
ee 
bient bi 10) 
e 
Sm Paroant () Paroant (4) 20: 
1,000 and under — Zo, 
1,100 to 10,000 — wi 
11, 000 to 0,1 megotm at 
‘Magohas 2 °. 
0,11 to 1.0 —— = 001 
4 1 
1.1 to 10 —— = Rupert TEMPERA fURES 
© IN DEGREES CENTIGRADE | 


1 and over —— 





Pover rating =------ 
Minimum resistance value 
Maximm resistance value 
Continuous vorking voltage 












1 FOR STANDARD RESISTANCE VALUES, SEE MS91374 IN MIL-R-IA. 
2 CONTINUOUS WORKING VOLTAGE SHALL BE COMPUTED IN ACCORDANCE WITH 
THE FOLLOWING FORMULA BUT IN NO CASE SHALL IT EXCEED S00 VOLTS: 


VOLTAGE = \/ POWER RATING X NOMINAL RESISTANCE 
Figure A-2.—Specifications of composition resistors. 
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radial 
I 








indicates first significant figure of resistance valve in ohms. 





indicates second significant figure. 





indicates decimal multi Band C or dot 


Band D if any, indicotes tolerance in percent about nominal resistance 


Band D 
value, If no color oppeors in this position, tolerance is 20%, 





Note: Low.power insulated wire.wound resistors have oxio! leads ond ore color coded 
fumilar 10 the lelt-hand figure above except that band A is double width, 


Courtesy Telecommunication Laboratories, Inc. 


Figure A-3.—Color code for axial- and radial-lead fixed composition 
resistors. 


MICA CAPACITORS BLACK 
(AWS PAPER CAPACITORS 
SILVER) 









FIRST SIGNIFICANT FIGURE 
SECOND SIGNIFICANT FIGURE 


DECIMAL MUTIPLIER 


CHARACTERISTIC TOLERANCE 


RMA 6-dot 
Courtesy Telecommunication Laboratories, Inc. 


Figure A-4.—AWS and NME color code for fixed mica capacitors. 
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first significant figure. 
second significant figure: 


RMA 3-det 500-velt, + 20% tolerance only 


decimal multiplier 


second significant figure 


first significant figure 
third significant figure 






decimal multiplier 


voltage rating tolerance 


RMA 6-dot 


Examples 








RMA (3 dot) | red green brown 
RMA brown] block block 
RMA brown} red green 
CM30B681) | block | blue grey 
CM3SE332G | block | oronge | orange 


250 psf 20%, 500 volts 
1000 wal * 5°, 600 volts 
1250 wut * 2%, 1000 volts 
680 pul * 5%, characteristic B 
3300 pul = 2%, characteristic E 





Type 


R ch 35 £ 332 G 
RMA component case RMA class ccpacitance tolerance 
prefix or 


JAN choracteristic 
Courtesy Telecommunication Laboratories, Inc. 


Figure A-5.—RMA 3-dot and 6-dot color code for fixed mica capacitors. 
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capacitance tolerance 


In % 
<> 10 ust 









significant 


in uuf 
figure 


© < 10 wut 








block 0 
brown —30 
red —80' 
orange —150 
yellow —220 
green 330 
blue —470 
violet —750 
gray +0 
white —-30 = =9+500 

A first significont figure 

B second significant figure 

temperature coefficient C decimal multiplier 

D copacitance tolerance 

Examples 


narrow bands or dots 
A 8 c D description 





block block red block black 2.0 wuf + 2 uul, zero temp coeff 

blue red red bieck | green | 22 uut +5%, —470 ppm/® C temp coofl 

violet | gray | red brown | silver | 820 uuf +10%, —750 ppm/® C temp 
coeff 


Courtesy Telecommunication Laboratories, Inc. 


Figure A-6.—Color code for fixed ceramic capacitors. 
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BLUE 


GREEN 


: sa | 
RED LACK 
Be 3 8 AVC 


OR 


GROUND 


Figure A-7.—RMA color code for i-f transformers. 


BLACK-START 







PRIMARY 


DESIGN 
FINISH 
BLACK IF 
UNTAPPED 


BLACK & RED 

50/50 STRIPED DESIGN’ 
IF PRIMARY 

USES TAP 


RECTIFIER 
FILAMENT 


Ww RECTIFIER 
50/50 STRIPED PLATE 


DESIGN 












GREEN A YELLOW AMPLIFIER FILAMENT 
50/50 STRIPED DESIGN WINDING NO.I 
GREEN 
BROWN 









BROWN B YELLOW AMPLIFIER FILAMENT 
50/50 STRIPED DESIGN WINDING NO2 


BROWN 
SLATE 


SLATE B YELLOW AMPLIFIER FILAMENT 
50750 STRIPED DESIGN WINDINGNO.3 


Courtesy P. R. Mallory & Co., Inc. 


Figure A-8.—RMA color code for power transformers. 
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— 


PLATE GRID 






REEN 2 BLACK [FULL 
GREEN & BLACK J Wave 


RETURN 
GRID OR 
CATHODE 
RETURN 
Courtesy P. R. Mallory & Co., Inc. 


B+ REO 


Figure A-9.—RMA color code for interstage audio transformers. 


Standard colors used in chassis wiring for the purpose of 
circuit identification of the equipment are as follows: 


Circuit Color 
Grounds, grounded elements, and returns. - - -- Black. 
Heaters or filaments, off ground_-___--_--- - Brown. 













Power supply B plus_ 5 . Red. 

Screen grids__._..__- . Orange. 
Cathodes. _. - Yellow. 
Control grids. . Green. 

Plates Blue. 

Power supply, minus-----.--..-..---------- Violet (purple). 
A-c power lines. . _._-.-..------------------- Gray. 


Miscellaneous, above or below ground returns, White. 
a-v-c, ete. 


For other electrical and electronic symbols refer to Mili- 
tary Standard, MIL-STD-15A, 1 April 1954. 
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BLUE-FINISH TRAN. 


STANDARD PIN 
ARRANGE VENT 












RED JUMPER— 
START TRANS. 






VOICE COIL 
ELECTRODYNAMIG 
SPEAKER 


RED-START TRANS. 










VOICE COIL 
P-M SPEAKER 
Courtesy P. R. Mallory & Co., Inc. 


Figure A-10.—Standard pin arrangement and color code for electrodynamic 
and P. M. speakers. 
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[O) 
QO, 9 a @ o\ O° ® ers 
© OD \© O/ \OO/ \OD/ VS 


4-PIN BASE 5-PIN BASE 6-PIN BASE 7-PIN BASE 8-PIN BASE 
4 s 

6° CON 

110 ods 40 O}1 
\o of NOG 

’ 
7-PIN PIN 

MINIATURE MINIATURE 





REMOTE-CUTOFF TWIN- DIODE POWER 
PENTOOE HIGH-MU TRIODE PENTODE 





LF 
x 
‘Dy Pa 
6ALS 6SAT 6SN7 cétnope-AAY 
TWIN DIODE PENTAGRID TWIN DIODE TUBE 
CONVERTER 


Figure A-11.—Common electron-tube bases showing arrangement of pins 
as viewed from the bottom. 
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INDEX 


Absorption wave meter, 623 
Air coaxial line, 483 
Altitude determination, 667 
Amplifier circuits, electron tube, 
207-254 
Amplifiers 
audio power, 256-291 
buffer, 405 
circuits, electron tube, 207-254 
class-A triode, 257-274 
classification of, 161-174 
classified according to 
circuit configuration, 171 
condition of operation (bias), 
165 
frequency, 170 
resonant quality of load, 174 
d-c, 207-211 
distortion in, 174-180 
electron-tube; introduction to, 
161-205 
feedback, 211-219 
intermediate-frequency, 
572, 591 
paraphrase, 251-254 
power, 163, 164, 281, 408-413, 
454 
push-pull power, 274-284 
r-f, 564 
transformer-coupled push-pull, 
275-277 
tuned, 174, 219-235 
video, 235-241 
Amplitude modulation, 398, 550 
Antennas, 509-534 
and propagation, 509-547 
basic principles, 517-525 
coupling, 533 
half-wave; radiation pattern for. 
530 


564, 


Antennas—Continued 
Hertz, 525 
Marconi, 528 
system, radar, 673 
transmitting and receiving, 682 
tuning, 529 
types, basic, 525-529 

Audio power amplifiers. See 

above 


Bandwidth requirements, 340 


Basic Electronics (this book), 1-3 
introduction, 1-3 

Bias methods in receivers, 413-416 

B-voltage supplies, 97-142 


Capacitance, interelectrode, 69 
Capacitance-inductance-resistance 


bridges, 637-639 
Capacitors, neutralizing, 70 


Cathode 

followers, 241-248, 689 

heating power, 95-97 
Cathode-ray oscilloscope, 603-618 
Cathode-ray tubes, 89-91 
Circuits 

clamping, 688 

electron-tube amplifier, 207-254 

filter, 116-126 

for tube tests, 639 

of a-m ratiotelephone trans- 


mitter, 445 
of c-w transmitter, 430 
of f-m 
radiotelephone transmitter, 
450 
tuner, 598 


of superheterodyne receiver, 584 
of t-r-f receiver, 560 
oscilloscope, 610-615 
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Circuits—Continued 
parallel-resonant, 25 
reshaping, 688 
resistance-capacitance coupled, 
236 
series resonant, 13 
tuned, 1-46 
voltage divider, 138 
yoltage-multiplying, 142-146 
Closed-end transmission line, 470, 
475 
Color coding and symbols, elec- 
tronic, 713 
Communications 
receivers, elementary, 550-601 
introduction, 550 
U-H-F, 544 
V-H-F, 544 
Compensation 
high-frequency, 237 
low-frequency, 239 
Complex numbers, 10 
Continuous-wave method, radar, 657 
Control 
automatic gain, 577, 579 
brightness, 605 
Coupling 
direct, 203 
double-tuned transformer; anal- 
ysis, 224-234 
impedance, 195 
‘methods, 181-205 
resistance-capacitance, 184-195 
single-tuned 
r-c; analysis, 220 
transformer; analysis, 223 
transformer-coupled stage of 
amplification, 196 
Current and voltage ratios, 285 


Decibel, 284-291 
Demodulation, 337, 368-394 
of amplitude-modulated waves, 
368-387 
of frequency-modulated waves, 
387-394 


Detection. 
Detectors 
a-m, 372-387 
diode, 373 
discriminator, 388, 597 
first, 569 
f-m, 387-394 
for t-r-f receiver, 555 
grid-leak, 377 
heterodyne, 385 
plate, 381 
ratio, 389 
regenerative, 383 
second, 575 
slope, 387 
Diodes, 55-60 
gas, 86 
Direct coupling, 203 
Direct current amplifiers, 207-211 
Discriminator, 388, 597 
Distortion 
caused by limiting, 246 
frequency, 175 
in amplifiers, 174-180 
of amplitude, 67, 177 
miscellaneous, 179 
phase, 175 
second-harmonic, 266-269 
Double-tuned transformer cou- 
pling, 224-234 
Dynamotors, 151 


See Demodulation. 


Earphones, 558 
Edison effect, 56, 57 
Electromechanical systems, 151- 
158 
Electronic 
color coding and symbols, 713 
switching, 619-622, 689 
test equipment, 603-650 
Electron-tube 
amplifier circuits, 207-254 
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Electron-tube—Continued 
materials; physical character- 
istics of, 53-55 
operating principles of, 48-91 
Emission 
photoelectric, 49 
secondary, 50, 72 
thermionic, 49 
types of, 48-50 
Emitters 
heating, 52 
oxide-coated, 52 
thoriated-tungsten, 50 
tungsten, 50 
types of, 50-52 


Fading, 543 
Feedback amplifiers, 211-219 
Filter circuits, 116-126 
Filters 
band-elimination, 36-38 
band-pass, 32-36 
capacitance, 118 
crystal, 574 
inductance, 120 
L-section, 123 
pi-section, 121 
power supply, 116 
tuned circuits as, 32-39 
Fixed bias voltage supply, 149 
Frequencies, general use of, 546 
Frequency 
blackouts, 543 
carrier, 674 
converter, 590 
intermediate, 386 
modulation, 398 
multipliers, 454 
pulse-repetition, 675 
signal, 371 
standards, 625 
primary, 625 
secondary, 626-628 
Frequency-modulation method, 
radar, 658 
Full-wave doubler, 144 


Functional components, 672 


Gas diodes, 86 
Gas-filled tubes, 82-89 
electrical conduction in, 84 
limitations in use of, 85 
Generators 
a-f signal, 630 
r-f signal, 628 
saw-tooth, 318-324, 688 
Grid-bias voltages, 146-150 


Half-wave 

dipole, 174 

doubler, 142 
Hertz antennas, 525 
High-frequency 

compensation, 237 

long-range communications, 541 


Imaginary numbers, 6 
Impedance 
antenna input, 520 
characteristic, of transmission 
line, 458-463, 465 
coupled, 226 
input, 245, 646 
microphones, 436, 437 
output, 245 
parallel, near resonance, 28 
Induction field, 513 
Insulators, metallic, 498 
Interference, measurement and 
location of, 634 
Inverters, 157 
Ionosphere, 536 
effect of, on sky wave, 539 


Keying systems, 425-430 


Line reflections, 465-471 

Lines 
lecher, 495 
nonresonant, 471 
quarter-wave, as filters, 504 
resonant, 472, 497 
r-f; measurements on, 490-497 
transmission, 457-506 


725 


Lod line, 258-262 

Long-range communications, high- 
frequency, 541 

Loudspeakers, 558 

Low-frequency compensation, 239 


Marconi antenna, 528 
Meters 

grid-dip, 624 

tadio-interference 

sity, 631-635 

Microphones, 436-445 
Modulation, 337 

amplitude, 338-354, 371-387 

degree of, 358 

frequency, 354-368, 387 

grid, 352 

intensity, 661 

phase, 364-368 

plate, 345 
Motor, shunt-wound, 153 
Multielement tubes, 71-80 
Multiple refraction, 542 
Multivibrators, 324-335, 620, 688 


Neutralization, 418-423 
Nonregistered Publications Memo- 
randa (NRPM's), 547 
Numbers 
complex, 10 
imaginary, 6 


field-inten- 


Open-end transmission line, 466, 
472 

Oscillations, parasitic, 423 

Oscillators, 294-335 
beat-frequency, 386, 582 
Colpitts, 301 
erystal-controlled, 311-317 
electron-coupled, 305 
Hartley, 297-301 
in transmitter, 402 
inductance-capacitance, 
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local; radar, 688 
negative-resistance, 306 
push-pull, 304 


294- 


Oscillators—Continued 
repetition-rate, 687 
resistance-capacitance, 317-335 
tickler-feedback, 296 
transitron, 307 
tuned-plate tuned-grid, 302 
ultraudion, 301 
Wein-bridge, 678 

Oscilloscope 
cathode-ray; 

603-618 
circuit, 610-615 


applications of, 


Parallel resonance, 25-32 
conditions required for, 26 
Parallel-resonant circuits, 25 
applications of, 31 
loading, 29-31 
Pentodes, 74 
Phase inverters, 248-254, 689 
electron-tube, 251 
transformer, 249 
Polar 
coordinates, 11 
diagrams, 525 
Power 
amplifiers, 163, 164, 281, 408- 
413, 454, 274-284 
gain or loss, unit of, 284 
output, 262-265, 277-284 
supplies 
for electronic equipments, 94— 
158 
radar, 673, 687 
Propagation, 509 
of radio waves, 534-547 
wave; effect of daylight on, 541 
Pulse-modulation method, radar, 
658 
Push-pull oscillator, 304 


Quality, or Q, of inductor, 17-24 
Quarter-wave lines, as filters, 504 


Radar 
aircraft, 671 


726 


#2 dar—Continued 
| Circuits, special, 687 
connecting, 689 
generating, 687 
reshaping, 688 
continuous-wave method, 657 
development, historical, 659 
elementary transmitter and re- 
ceiver, 678-687 
fighter-director, 671 
fire control, 671 
introduction to, 653-689 
oscillator, local, 688 
search, 671 
system constants, 673-678 
transmitters, 397 
uses, 459 
Radiation, 509-517 
field, 515 
resistance, 523 
Radio waves 
propagation of, 534-547 
reflection, 656 
Ratios, current and voltage, 285 
Receivers 
bias methods in, 413-416 
communications, elementary, 
550-601 
f-m, 551, 587-601 
radar, 673, 685 
superheterodyne, 551, 563-587 
t-r-f, 551-563 
Rectifiers 
bridge, 113 
circuits, 107-116 
diode as, 60 
for power supplies, 98-107 
full-wave, 99, 110 
half-wave, 107 
high-vacuum, 99 
mercury-vapor, 100 
metallic, 104-107 
Reference levels, zero-power, 286— 
289 
Repetition-rate oscillator, 687 


Resistance-capacitance 
coupled circuit, 236 
coupling, 184-195 
oscillator, 317-335 

R-f amplifier, 564 


Saturation 

amplitude, 305 

current, 58 

temperature, 59 

voltage, 58 
Series resonance, 13-24 

conditions required, 14-17 
Series-resonant circuits, 13 

applications of, 24 
Shielded pair, wires, 482 
Side bands, f-m, 354 
Slope detector, 387 
Sound-wave reflection, 653 
Spectrum analyzer, 635 
Standing-wave ratio, 

sion line, 478 

Supplies, B-voltage, 97-142 
Synchroscope, 618 


transmis- 


Test equipment, electronic, 603 
650 
Tester, tubes, 639-644 
Test-tool set, 648-650 
Tetrodes, 71-74 
Thyratrons, 87 
Tickler-feedback oscillator, 296 
Tone control, 558 
Transformers 
coupling, 196, 223-234 
output, 269-274 
Transitron oscillator, 307 
Transmission 
high-frequency; effect of at- 
mosphere on, 545 
lines, 457-506 
types, 480 
tone, 353 
u-h-f, 544 
v-h-f, 544 
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Transmitters, 397-454 
amplitude-modulated radiotele- 
phone, 435-449 
continuous-wave, 401-435 
frequency-modulated radiotele- 
phone, 449-454 
radar, 397, 673, 680 
Transmitting and receiving an- 
tenna, 682 
Triode amplifiers, Class-A, 257- 
274 
Triodes, 60-70 
Tubes 
beam-power, 76 
cathode-ray, 89-91, 603-610 
characteristics, 63-67 
electron-ray, 89 
multielement, 71-80 
multigrid, 79 
multiunit, 80 
operating at ultrahigh frequen- 
cies, 80-82 
ordinary, 82 
testers, 639-644 
transmitter electron, 416 
variable-mu, 77 
Tuned circuits, 1-46 
as filters, 32-39 
inductively coupled, 39-46 
introduction, 3-5 
Tuned-primary tuned-secondary 
circuit, 42 
Twisted pair, 482 


U-h-f communication, 544 

Ultraudion oscillator, 301 

Untuned-primary tuned-second- 
ary circuit, 41 


Vectors 
expressed algebraically, 6-13 
polar, 13 


V-h-f communication, 544 
Vibrators, 154 
Video amplifiers, 235-241 
Voltage 
amplifiers, 163, 256 
dividers and bleeders, 135-142 
gain, 242, 287 
or loss, 287 
multipliers, 145 
peak inverse, 115 
ratio, 285 
regulators, 126-135 
saturation, 58 
supply, fixed bias, 149 
Voltage-multiplying circuits, 
142-146 
Voltmeter 
electron-tube, 645 
errors, 644 
Volt-ohm-ammeter, electronic, 
644-647 


Wave 
continuous (c-w), 398 
frequency modulation (fm), 398 
ground, 535 
modulated, 398 
modulated-continuous, 398 
motion on infinite line, 463-465 
polarisation, 524 
propagation; effect of daylight 
on, 541 
radio 
propagation of, 509, 534-547 
reflection, 656 
sound; reflection, 653 
sky, 536, 539 
traps, 38 
unmodulated, 398 
Waveforms, observation of, 615 
Waveguides, 484-490 
Wavelength measurements, 494 
Wein-bridge oscillator, 678 
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